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What is harder than rock, or softer than water? 
Yet soft water hollows out hard rock. 
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Abstract 
The aim of this research is to understand the hydrogeological mechanisms of groundwater circulation 
and their relationship with the structural setting in carbonate massifs of Umbria-Marche Apennines. 
Karst aquifers are characterized by a strong heterogeneity in their physical properties. Hence, in order 
to define the dynamics of fluid circulation in these environments is necessary to integrate different 
investigative approaches. 
Umbria-Marche carbonatic ridge is characterized by three hydrogeological complexes: a basal 
complex (Massiccio aquifer), an intermediate complex (Maiolica aquifer) and an upper complex 
(Scaglia aquifer). The carbonatic lithotypes covered about the 67% of the study area and only the 
4.3% and 28.8% are represented by the Massiccio complex (the main aquifer of Apennine ridge) and 
Maiolica complex, respectively. On the contrary, the sub-basins showing higher percentage values of 
outcropping of Massiccio and Maiolica complexes. These results, indicate as the basal groundwater 
circulation is controlled exclusively by Massiccio and Maiolica complex. 
Analysis of fracture systems exposed in different outcrops of Massiccio and Maiolica complexes, 
have defined a conceptual model of structural and hydraulic properties of the main aquifers. There 
are two main fracture sets oriented at SW-NE (dip-direction of N115) and NNE-SSW (dip-direction 
of N20), that probably the main pathways for the water-circulation from infiltration zone to spring 
outlet. Discrete Fracture Network (DFN) models of representative geocellar volumes builted to 
compute fracture porosity and correspondent permeability (Kxx, Kyy, Kzz), show that the fracture 
porosity of Calcare Massiccio Formation is much greater than Maiolica Formation (4.3% and 1.7%, 
respectively), and also the permeability values result well correlated with this trend. 
From hydrogeological point of view, recession analysis and time series analysis (auto- and cross-
correlation functions) applied at daily discharge of six karst springs highlighted the presence of two 
type of karst aquifers: aquifer with unimodal behaviour and aquifers with bimodal behaviour. These 
results indicate that Maiolica Formation is characterized by high fracturation degree and a slightly 
karstification, controlling the infiltration and percolation processes, whereas Calcare Massiccio 
Formation regulate the groundwater circulation in the deeper zones of aquifer characterized by a high 
karstification degree through a rather developed conduit networks. 
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1. Introduction 
Carbonate rocks crop over approximately 10% of the ice-free continental areas and underly much 
more, and 25% of the planet human population supplied by karst water (Ford and Williams, 1989).  
Although this number is probably over-estimate, karst groundwater constitutes a crucial freshwater 
resource for many countries, regions and cities around the world. For example, in Europe, where 35% 
of the land surface is occupied by carbonates, certain countries such as Slovenia and Austria obtain 
over 50% of the total water supply from karst aquifers (Kovacs, 2003). At the same time, karst 
aquifers are commonly highly vulnerable to contamination and are impacted by a wide range of 
human activities (Drew and Hötzl, 1999). Hence, the exploitation, maintenance of water quality, and 
the protection of karst aquifers are of a vital importance in these regions. 
More than half of the surface area of the continents is covered with hard rocks of low permeability. 
These rocks may acquire moderate to good permeability on account of fracturing and hence are 
broadly grouped under the term fractured rocks, in the context of hydrogeology. 
From the hydrogeological point of view, fractures and discontinuities are amongst the most important 
geological structures. Most rocks possess fractures and other discontinuities which facilitate storage 
and movement of fluids through them. On the other hand, some discontinuities, e.g. faults and dykes 
may also act as barriers to water flow. Porosity, permeability and groundwaters flow characteristics 
of fractured rocks, particularly their quantitative aspects, are rather poorly understood. Main flow 
paths in fractured rocks are along joints, fractures, shear zones, faults and other discontinuities. 
Besides conventional survey techniques, such as geological mapping, structural analysis, hydrograph 
analysis, time-series analysis, chemical and physical water analysis, etc., the quantitative 
characterization of karst hydrogeological systems increasingly important (Kovacs, 2003). 
1.1. Geological and hydrogeological framework of Umbria-Marche Apennines 
The geology of Central Italy has been shaped predominantly by the continental Cenozoic collision of 
the Corsica/Sardinia and the now subducted Adriatic plates. Geological and geophysical data 
highlight two main sectors within this region: a western, Tyrrhenian sector dominated by Neogene-
Quaternary, active, back-arc extensional tectonics and an eastern Adriatic sector dominated by an 
active compressional stress field (Cavazza and Wezel, 2003). 
The study area is located in the northern portion of the Umbria-Marche Apennines, corresponding to 
the innermost carbonate ridge (Fig.1.1.). This chain has developed since late Messinian time, 
involving a Mesozoic-Cenozoic sedimentary sequence. From hydrostratigraphic point of view this 
Apennine sector is represented by typical Meso-Cenozoic Umbria-Marche sedimentary sequence 
(Carloni, 1964; Calamita et al., 1990, 1999; Menichetti, 1991; Marchegiani et al., 1999; Deiana et al., 
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2002; Mazzoli et al., 2002), characterized by four major mechanical units: (1) a Triassic thick 
sequence f alternating of dolostones, anhydrites and limestones (Anidriti di Burano Formation and 
Calcari ad Rhaetavicula Contorta Formation); (2) lower Jurassic, poorly layered platform limestones 
(Calcare Massiccio Formation); (3) a lower Jurassic-Miocene pelagic sequence including mainly 
well-bedded limestones, marly limestones and marls (from Corniola to Bisciaro Formations); (4) a 
Miocene to Pliocene siliciclastic sequence consisting of mainly sandstones and marls (Schlier and 
Marnoso-Arenacea Formations) (Centamore et al., 1972, 1975). 
 
Fig.1.1. Schematic illustration of aquifer complexes in central Italy. (a) Cenozoic succession, (b) Quaternary 
volcanic complex, (c) mainly carbonatic Mesozoic complex, (d), larger karst springs, (f) deep-wells, (g) 
Apennine watershed and (h) sinkholes. 
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The main phase of the Apennine chain uplift, relevant to cave development, took place within the 
Pleistocene (Mayer et al., 2003). The primary tectonic features controlling the underground Apennine 
karst morphology and the carbonate reservoir groundwater drainages are a system of N-S 
transpressive faults and networks of conjugated joint sets distributed in a primary NE-SW and 
secondary NW-SE directions. Specifically, the N-S faults are associated with the main passages and 
rooms, and control the development of the larger underground voids while solutional morphologies 
are associated with joint systems (Menichetti, 1987; Mayer et al., 2003). 
Therefore, the regional drainage network is quite complex due the discrepancy between the highest 
elevations and the drainage divide in consequence of the eastward migration, since Neogene, of the 
compressional and extensional tectonic stress field (Cavazza and Wezel, 2003). In many cases there 
is the presence of superimpositions, antecedences and regressions of the river networks with respect 
to the anticline structures. 
The regional aquifers are located in the Jurassic carbonate banks and the groundwater supplies the 
springs located in the lower valleys or in the main fault zones with an average base flow discharge of 
22 l/sec/km2 (Boni and Bono, 1986; Galdenzi and Menichetti, 1995). In fact, the largest caves in the 
area are located in a 1000 m thick Jurassic carbonate bank, where syngenetic porosity in sedimentary 
facies of packstone and grainstone is well developed. Occasionally, small caves are hosted in 
Cenozoic marly-limestone successions confined by sandstone and marl formations (Menichetti, 
1987). Aquicludes are represented by marly layers distribute at the different levels in the stratigraphic 
succession. Groundwater flow in the transfer zone is controlled by karst conducts and fissures while 
faults and fractures characterize the drainage of the regional carbonate reservoirs. The hydrodynamics 
of larger springs is regulated mainly by the base flow, while in some cases quick flows mark the 
transfer zone. All karst systems have a basal input points through faults and fracture, at the bottom of 
the oxidizing zone, where mineralized water rises up from deep seated hydrogeological circuits with 
recharge times of many months. The groundwater flow in the vadose zone is controlled by conduit 
systems, with transfer time of few weeks (Sarbu et al., 2000). 
 Finally, in the basal regions of aquifers, the hydrothermal circuit can reach the Triassic 
anhydrites at depth, and after a journey of some decades, rises up in the springs located close to the 
master faults along the border of the main karstic structures (Menichetti et al., 2008). 
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1.2. Characteristics of karst aquifers 
The most important feature of karst aquifers from a hydrogeological perspective, that makes them 
different from any other kind of hydrogeological systems, is the high flow heterogeneity. From 
geochemical point of view of the flow medium water, can reacts with the host rocks (Kovacs, 2003). 
Groundwater flow dissolves the carbonates around interconnected voids (mainly primary porosity 
and fractures), enlarging aperture and increasing the hydraulic conductivity of rock matrix. The 
amount of dissolved limestone depends on the chemical composition/aggressiveness of the rock and 
of the water, but the relative karstification degree of the various fracture families depends mainly on 
the direction and the magnitude of groundwater flux density vector (Kiràly et al., 1971, 2002). 
Carbonate rocks thus acquire a range of void of different origin that affect their capacity to store and 
transmit water.  
Karst aquifers are therefore commonly differentiated into three end-member types, according the 
nature of the voids in which the water is stored and through which it is transmitted, namely matrix, 
fracture and conduit. Conduit may range from cm-wide solutionally enlarged fractures to huge cave 
passages (Mangin, 1975; Goldscheider and Drew, 2007). Therefore, karst aquifers can be described 
as a network of conduits embedded in, and interacting with, a matrix of less karstified rock. Flow in 
the conduits is rapid and often turbulent, while flow velocities in the matrix are much lower. On the 
contrary, water storage in the conduits is often limited, while significant storage may occur in the 
matrix, and in other parts of system (Drogue, 1980). 
 
Fig.1.2. Schematic illustration of heterogeneous karst aquifer system characterised by duality of recharge 
(allogenic and autogenic), infiltration (point and diffuse) and porosity/flow (conduits, fractures and matrix). 
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Groundwater divides in karst regions can have other complication in both space and time. While these 
are often indicated as two-dimensional lines drawn on maps, they are perhaps better characterized as 
complex, three-dimensional surfaces within the subsurface. 
Recharge to karst aquifers can occur in several ways (Fig.1.2). Autogenic recharge results from 
precipitation directly onto a karst surface where carbonate rocks are exposed this surface which then 
infiltrates enters the aquifer directly. In contrast, in more heterogeneous geological setting where karst 
rocks may adjacent to non-carbonate units, headwater areas may be dominated by surface flow high 
collects, and then upon reaching the soluble carbonates can enter the aquifer at discrete points, 
allogenic input. 
1.3. Conceptual models of karstic groundwater flow 
There are two main reasons for trying to model karst aquifers: (i) to characterize and understand the 
system (usually as an aid to improving management of groundwater resources) and (ii) to try to 
reproduce the evolution of its characteristics. The karst system connects the recharge area to the 
outflow spring (or springs), and karst processes direct groundwater towards the spring(s) along flow 
paths that have a hierarchical order. The physical system is defined by its structure (organization of 
flow paths), hydraulic behaviour (response to recharge) and its evolution (stage of development), and 
the framework of the system is the rock mass in which it is developed (Ford and Williams, 2007). 
Therefore, every reasonable conceptual model of karst systems incorporates heterogeneity and 
accordingly the duality of hydraulic flow processes: duality of infiltration processes (“diffuse” or 
“concentrated”), duality of the groundwater flow field (low flow velocities in the fractured volumes 
vs high flow velocities in the channel network), duality of the discharge conditions (diffuse seepage 
from the low permeability volumes vs concentrated discharge from the channel network at the 
springs) (Kovàcs and Sauter, 2007). 
1.3.1. Mangin conceptual model 
According to the conceptual model of Mangin (1975), the main conduit system transmits infiltration 
waters towards a karst spring, but is poorly connected to large voids in the adjacent rocks, referred to 
“Annex-to-drain system”.  Active conduit system develops along one, well defined horizon (Fig.1.3). 
Although deep phreatic conduits may exist, the majority of the conduit flow takes place near the 
saturated and unsaturated zone interface. Mangin (1975) introduce the concept of the epikarst. This 
being a shallow, high-permeability karstified zone below the aquifer surface, where water rapidly 
drains through enlarged vertical shafts, reaching the saturated zone and contributing at a diffuse 
recharge.  
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Fig.1.3. Conceptual model of a karst aquifer according to Mangin (1975). 
It is believed to act as a temporary storage and distribution system for infiltrating water, similar to a 
perched aquifer. It is assumed to channel infiltrating water toward enlarged vertical shafts, thereby 
enhancing concentrated infiltration (Kovàcs and Sauter, 2007). 
1.3.2. Drogue conceptual model 
 
Fig.1.4. (a) Conceptual model of a karst aquifer according to Drogue (1980). A: highly permeable upper zone, 
B: blocks with low-permeability cracks with slow flow, C: high-permeability karst conduits with rapid flow; 
(b) Doerfliger and Zwahlen (1995) conceptual model. 
Drogue (1974, 1980) assumes, that the geometric configuration of karst networks follows original 
rock fracture pattern. Joints constitute a double-fissured porosity system. This network consists of 
fissured blocks with a size in the order of several hundred meters, separated by high-permeability low 
storage conduits. Every block is dissected by small scale fissures or fracture with considerably larger 
storage, with low bulk permeability (Fig.1.4a). 
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The uppermost part of the aquifer is more intensely fissured than subjacent rock because of 
decompression phenomena. This increased permeability zone is responsible for enhanced infiltration 
of rainwater. 
1.3.3. Kiràly conceptual model 
The conceptual model proposed by Kiràly (1975, 2002) and Kiràly et al. (1995) combines the 
conceptual model of Mangin (1975) and Drogue (1980). This model involves the epikarst and a 
hierarchical organization of the conduit networks. It also comprises the hydraulic effect of nested 
groups of different discontinuities. This means that the aquifer permeability is determined by the 
fracture intersections, and the effective porosity is determined by fractures plains. Carbonate aquifers 
can be considered as interactive units of high-conductivity hierarchically organised karst channel 
network with a low-permeability fissured rock matrix. The main characteristics of this model have 
been synthesized in a conceptual model by Doerfliger and Zwahlen (1995) (Fig.1.4b). 
 Finally, Drogue (1971) and Kiraly (1975) proposed a structural approach. The karst aquifer is 
represented by a network of high permeability conduits embedded in a fissured media of low 
permeability. Such a representation is adapted for simulating karst spring hydrographs by the mean 
of physically based models. Kiraly (1998) developed a three dimensional numerical model where 
groundwater flow is simulated by the resolution of laminar flow equations in finite elements. 
The major drawback of this approach is that a thorough knowledge of the aquifer geometry 
(dimensions and conduit location) is necessary to reproduce a real temporal evolution of discharge at 
the spring. Another limitation is the use of Darcian flow only, when it is established that flow in the 
conduits is mainly turbulent.  
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1.4. Objective of thesis 
The principal aim of this thesis is to characterized the fluid circulation in the carbonate aquifer of 
Umbria-Marche Apennines (Central Italy) by acquiring quantitative information concerning the 
geometric and structural data and physical and hydraulic parameters of the basal aquifers. 
These goals have been achieved by applying two different investigation approach: 
1.4.1. Structural analysis and modelling of fractured carbonate formations 
Fractures are the most important hydrogeological element in almost any setting and especially in 
hardrock environments. They control the hydraulic characteristics and solute transport. Without 
fractures, except for the upper-weathered zone, there is no significant groundwater flow in hard rocks. 
Therefore, understanding of the fluid-transit properties in fractures is important for production of 
critical natural resources and environmental protection as well as understanding of natural processes, 
such as formation of mineral and petroleum deposits, sediment diagenesis, mass wasting, movement 
of nutrients and chemical in soil zone. 
Hence, a structural survey of several outcrops of carbonate formations (Calcare Massiccio and 
Maiolica) has allowed to define the geometrical and spatial properties of fractured rock mass. The 
characterization procedures used are well documented and corresponds to classical geomechanics 
analysis usually used. It has been necessary to evaluate how these properties vary with geological 
heterogeneity, scale, changing in situ stress. 
The results were implemented for built discrete fracture models. These models input as much detail 
as possible, based upon field data, about the geometry and properties of individual fractures, sets, and 
zones into 3D networks (Sahimi, 1995; Zhang et al., 2003; Neuman, 2005). Each transmissive fracture 
has been assigned a uniform aperture and hydraulic conductivity. Since quantitative field data on 
fracture spacing and hydraulic properties are generally lacking, semi-quantitative estimates has been 
made of expected hydraulic properties (Marrett et al., 1999). 
1.4.2. Hydrogeological investigations of several monitored karst springs 
The measurements of discharge with time at the outlet of a karst aquifer makes the integral 
characterization of the hydraulic behaviour of the entire system possible (Kovàcs, 2003). The 
following two types of spring hydrograph analytical methods can be distinguished (Jeannin and 
Sauter, 1998): 
a. Single Events Methods deal with the global hydraulic response of the aquifer to a single 
rainfall event. It widely accepted, that three basic attributes manifest in the global response of a karst 
aquifer: recharge, storage and transmission. Existing spring hydrograph analytical techniques make 
the characterization of these properties possible in a qualitative sense, but not quantitatively. 
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However, most of these methods are based on simple, or sometimes more complex cascades of 
reservoirs, and involve physical phenomena. 
In this study, has been used two classical exponential expressions: classical equation provided by 
Maillet (1905) based on the emptying of a reservoir, and supposes that the spring discharge is a 
function of the volume of water held in storage; the composite exponential equation provides by 
Forkasiewitz and Paloc (1967), which assume that different segments of a spring hydrograph peak 
represent different parallel reservoirs, all contributing to the discharge of the spring. 
b. Time Series Analysis deal with the global hydraulic response of karst systems to a succession 
of rainfall events. Univariate time series analytical methods are capable of identifying the cyclic 
variations. Bivariate time series analyses are very suitable for analysing the relation between the input 
(recharge) and output (discharge) parameters of different karst systems. These methods are based on 
pure mathematical operations, and they cannot be directly related to physical phenomena (Mangin 
and Pulido Bosch, 1983). Time series analyses provide limited information concerning the physical 
properties of the system itself. 
1.5. Thesis structure 
This thesis includes five separate studies focusing on different subjects. However, these studies follow 
a logical succession, and approach the principal goal step-by-step: 
Chapter 2 provides the results of a systematic study carried out on the fracture systems exposed in 
different outcrops of fractured carbonate formations in the Umbria-Marche Apennines (central Italy). 
This chapter provides the conceptual models of structural and hydraulic properties of the main 
aquifers of northern Apennine ridge (Calcare Massiccio and Maiolica Formations). 
Chapter 3 dealing with a classification of the different karst complexes presents in Umbria-Marche 
Apennine, defining the hydrogeological watershed. This is achieved summarizing the results in the 
Karst aquifers of the Umbria-Marche carbonatic ridge (central Apennines, Italy) map, at scale of 
1:70000. This chapter also provides detailed maps having more information about the 
recharge/discharge areas of each hydrostructures considered. 
Chapter 4 aim to define the hydrogeological mechanism of groundwater circulation and their relation 
between structural and stratigraphic setting of each aquifer considered. This is achieved by using the 
recession analysis and time series analysis applied at several hydrographs of karst springs monitored 
for about eight years (from 2007 to 2015). 
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Chapter 5 is a case study of a karst aquifer located in the Umbria-Marche Apennine (central Italy), 
relating to analysis of spring discharge and structural setting. This chapter provide a new method to 
define the geometrical and hydrogeological properties of a karst aquifer, based on relationship 
between recession coefficients and effective porosity of fractured rock mass.  
Chapter 6 provides an analyses of the temporal relationships between a karst spring discharge and 
groundwater temperature, defining the residence time and structural organisation of karst aquifer and 
flow patterns. This is achieved applying time series analysis on two spring outlet monitored data 
belonging to the same karst system. 
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2. Karst aquifers of the umbria-marche carbonatic ridge (northern Apennines, Italy) 
Abstract 
Hydrogeological mapping is a powerful instrument improving the hydrogeological interpretation and 
understanding of the processes and dynamics of water flow both in the streams/river and in groundwater. 
Moreover, hydrogeological mapping is the first step for an adequate management and sustainability of the 
water resource, having a multiplicity of end-users, from politicians and planners to hydraulic engineers, well 
drillers and hydrogeologists. Hence, the present paper aims to present the karst aquifers of the Umbria-Marche 
carbonatic ridge (northern Apennines) from a hydrogeological point of view, in order to define the different 
karst complexes, the hydrogeological watershed and the regional dynamic of groundwater circulation within 
northern Apennines. The map proposed provides a range of hydrogeological information with different details: 
a regional map at a scale of 1:70000, summarizes the distribution of main hydrological structures and karst 
aquifers in Apennine ridge, and local detailed maps at a scale of 1:25000, summarize the recharge areas of 
sub-basins and their related karst springs. 
The carbonatic lithotypes covered about the 67% of the study area and only the 4.3% and 28.8% are represented 
by the Massiccio complex (the main aquifer of Apennine ridge) and Maiolica complex, respectively. On the 
contrary, the sub-basins showing higher percentage values of outcropping of Massiccio and Maiolica 
complexes. These results, indicate as the basal groundwater circulation is controlled exclusively by Massiccio 
and Maiolica complex. 
2.1.Introduction 
The water resources in karst aquifers are of increasing interest since represent an important amount 
of water supply for the world’s population (20-25 %; Ford and Williams, 2007). Karst aquifer 
represent the larger reservoirs with a rapid recharge time, nevertheless, they are known for the high 
vulnerability due to short residence time unable to degrade completely the organic matter and 
chemicals due to pressure of urbanization and intensive agricultural use (Heinz et al., 2009). 
The umbria-marche Apennine ridge constitutes one of the most important karst reservoir of Central 
Italy, where rainfall water infiltrate and circulate into carbonate formations and flow through spring 
outlets, the discharge of which, with relative hydrographs analysis, adequately monitored provide 
important data (e.g. storage capacity, time response after a recharge event, water volumes available 
during wet and dry periods) to evaluate the characteristics of aquifer (Boni et al., 1986). This can be 
obtained through different analysis techniques widely used in hydrogeology not only for scientific 
research but also for land planning and land use management (e.g. preventing aquifer contamination 
and overexploitation).  
Equally important is the definition of the characteristics of the catchment area because the 
groundwater refers to the replenishment of an aquifer with water from the land surface.  
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Fig.2.1. Schematic illustration of karstic aquifer in the Umbria-Marche Apennines. Legend: (a) Stratigraphic 
succession from Quaternary to Cretaceous; (b) Quaternary volcanic rocks; (c) Main calcareous stratigraphic 
succession from Jurassic to Cretaceous; (d) main karstic spring; (e) deep well reaching basal reservoir; (f) 
Apennines water divide; (g) karstic intermountain basin (from Menichetti, 2008). 
Forest hydrologists and watershed managers have often dealt with uncertainty in quantifying the 
amount of the baseﬂow or recharge (Guardiola-Albert et al., 2015). Therefore, identifying and 
mapping karst landscape represents a fundamental step for understanding the role of each 
hydrostructure and dealing with the issue of water consumption and water supply. Demek et al. (1972) 
mentioned that detailed geomorphological maps are of special interest in planning and effective use 
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of the various geomorphological environment, because they take into consideration the laws 
controlling the development of relief and understanding of the whole natural environment. 
Geomorphological maps allow for the accurate recording of landform information in a map form that 
can be utilised in further derivative studies such as environmental surveys, site or resource planning, 
hazard mapping and engineering design (Cooke and Doornkamp, 1990).  
Paloc and Margat (1985) pointed out that two complementary approaches to mapping have been 
proposed, one more hydro-geolithological in emphasis and the other more hydro-geodynamic. In 
particular, for karst areas, Paloc and Margat (1985) emphasized the importance of classifying 
baseflow discharges of springs and surface streams. The hydro-geolithological approach 
superimposes three kinds of information: (i) lithological types that are assumed to represent 
permeability classes; (ii) piezometric data from which groundwater flow may be inferred; (iii) surface 
hydrography with data on sites of water exploitation (Ford and Williams, 2007). The hydro-
geodynamic approach presents information concerning: (i) the constitution of aquifer systems, based 
on the distinction between disposition of and location of the principal rock bodies (taking into account 
the degree to which they are water-bearing and their possible layering); (ii) the boundary conditions 
of aquifers, distinguishing between the direction of water flow (input, output, or static) and flow 
conditions as opposed to potential conditions (Ford and Williams, 2007). 
In this contest, the karst aquifers within the central Apennine ridge, located between Umbria and 
Marche regions (Italy), have been investigated (Fig.2.1). 
A first approach on the same area which considered the quantitative evaluation of effective infiltration 
in the karst system of Central Apennines was proposed by Boni and Bono (1982). Other study of 
hydrogeological mapping of Central Italy has been introduced by Boni et alii (1986). The authors 
edited three maps at different scale: (i) hydrogeological map and hydrological map at 1:500000; (ii) 
water balance and groundwater resources at 1:1000000, highlighting the relationships between 
geology and regional hydrogeology. These hydrogeological maps provide fundamental information 
such as the delineation of the groundwater divides and the definition of the basal circulation of 
groundwater for future comparison on the resource maintenance and management.  
 The main objectives of the present study were: (1) classify the different karst complexes; (2) 
define the hydrogeological watershed and (3) highlight the relationship between different carbonate 
hydrological complexes and their role in groundwater circulation within UM Apennines. The results 
achieved were summarized in the Karst aquifers of the umbria-marche carbonatic ridge (central 
Apennines, Italy) map, at scale of 1:70000. In addition, detailed maps have been elaborated to provide 
a more detailed information about the recharge/discharge areas of each hydrostructures considered. 
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The hydrogeological map covers a sector of umbria-marche Apennine, from Mt Cucco at north to Mt 
Pennino at south, including the different anticline structures and their associated karst springs. 
Such a map, including hydrogeological, geo-structural and geomorphological data, represents the 
basis for dam and reservoir construction in any geological environment including karst. The key 
investigation targets in karst are watershed zones, the evolution process of karst aquifer, depth of the 
base of karstification, location of karst conduits, and groundwater regime. 
2.2.Study area 
2.2.1. Geological setting 
The study area encompasses the western part of UM Apennines, an arcuate fold and thrust belt 
verging towards ENE (De Feyter et al., 1987; Barchi et al., 1998), displaced by several thrusts fault 
systems striking NNW-SSE and strike slip faults with N-S and E-W orientation. Several rootless 
anticlines, elongated for about 20 km along the axe-oriented NW-SE are arranged in a dextral step. 
This structural configuration is formed in the framework of the convergence between the European 
continental crust (the Corsica-Sardinia block) and Adria (considered as a promontory of the African 
Plate or as an independent microplate) and three morpho-structural provinces can be recognised 
(Bally et al., 1986; Deiana and Pialli, 1994), from west to east: the Umbria pre-Apennines, the 
Umbria-Marche ridge and the Outer Marche Foothills (Menichetti, 1991). 
2.2.2. Hydrogeological setting  
This structural setting forces a parallel-to-the-ridge circulation of groundwaters, and the ridge itself 
has been considered as an isolated hydrogeological system, where the Meso-Cenozoic sequence is 
closed at the bottom by the Triassic Anhydrite (Anidriti di Burano Fm.) acting as regional basal 
aquiclude. The presence of lithotypes with different permeabilities allowed the formation of three 
superimposed hydrogeological complexes which alternate groundwater circulation mainly due to 
fissures, joints and karst conduits (Boni et al., 1986; Caprari et al., 2002; Nanni and Vivalda, 2005) 
and low permeable formations (aquicludes). These hydrostratigraphic complexes are (Fig.2.2 and 
main map):  
• Basal (or Massiccio) aquifer (Baq), characterized by a stratified limestone of the Corniola 
Fm. and massive limestones of the Massiccio Fm., representing the most important 
hydrogeological complex in the Umbria-Marche limestone ridges, with a thickness ranging 
from 800 to 1200 m. The groundwater circulation occurs in very well-developed fissures and 
karst conduits and it’s overlying by the Jurassic marly-limestones sequence acting as top 
aquiclude. This aquifer is the loci for the main known karstic systems (Galdenzi and 
Menichetti, 1995). 
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• Maiolica aquifer (Maq), consists of micritic limestones and dolomitic limestones of Maiolica 
Fm., having a thickness ranging between 200 and 400 m, and is overlayed by marlstones and 
clayey-marlstones of Marne a Fucoidi Fm. (the most important aquiclude at a regional scale). 
This complex is characterized by a high fracturation degree and a karst network poorly 
developed. Locally, Maiolica aquifer can be in hydraulic connections with the basal aquifer 
because the lack of the interposed Jurassic marly-limestones formations (Rosso Ammonitico 
and Calcari Diasprini) that are replaced by Bugarone Fm. (nodular limestones) (Centamore et 
al., 1976). 
• Scaglia aquifer (Saq), characterized by limestones and marly-limestones of the “Scaglia 
Rossa” and “Scaglia Bianca” formations of about 300 m of thickness. The hydraulic behaviour 
of the complex is not homogeneous (Giacopetti et al., 2017) and the groundwater circulation 
is mainly controlled by joints and fissures, showing a very low karstification degree. Upward, 
the aquifer is confined by the low permeable formation of the “Scaglia Cinerea”. 
Considering that a hydraulically closed system (i.e. the groundwater exchange does not occur between 
adjacent structures (Boni and Bono, 1982) can be defined as a hydrostructure, in the study three 
different hydrogeological structures can be individuated: Mt Cucco (MC), Mt Maggio-Mt Penna 
(MM-MP) and Mt Pennino (MPn) (Fig.2.2 and main map). 
In the hydrogeological units hydraulically independent, the unknown term is represented by the 
effective infiltration. 
Boni et alii (1986) estimated the effective infiltration in the Umbria-Marche carbonate domain range 
from 25 to 32 l/s per km2 (basal aquifer of Corniola-Calcare Massiccio complex), and about 17.5 l/s 
per km2 in the pelagic domain (Maiolica and Scaglia aquifers). Furthermore, for the Corniola-Calcare 
Massiccio complex, the same authors consider a very low runoff, less than 1% of precipitation (Boni 
et al., 1986).  
In detail, each hydrostructures was subdivided in more sub-basins in function of the different 
hydraulic parameters and geological conditions, defining the location of karst springs and their related 
limits of recharge areas, at a scale of 1:25.000 (main map). 
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Fig.2.2. Outcrops of carbonate aquifers that occur in the hydrostructures surfaces of Umbria-Marche ridge (Mt 
Cucco, Mt Maggio-Mt Penna and Mt Pennino); (a) Basal aquifer (Baq) outcrops; (b) Maiolica aquifer (Maq) 
outcrops; (c) Scaglia aquifer (Saq) outcrops. 
2.2.3. Water balance analysis 
Groundwater resources are known to be related to climate change through hydrological processes, 
such as precipitation and evapotranspiration, and through interaction with surface water (Chen et al., 
2004). Hence, at a drainage scale an analysis of water input in the system was necessary to assess the 
input of the systems and to evaluate the so-called water balance. A water budget states that the rate 
of change in water stored in area, such as a spring drainage area, is balanced by the rate at which 
water flows into and out of the area (Kresic and Stevanovic, 2010). 
The precipitation and temperature data are related to three gauge stations (provided by 
www.regione.umbria.it) located at Mt Cucco, Gualdo Tadino and Nocera Umbra respectively (see 
location in the main map), during the hydrological year 2010-2011 (from 10 October 2010 to 4 
October 2011) has been chosen this hydrological year for reason of completeness of the 
meteorological data-series. 
The region is located in a typical subcontinental climate characterised by dry and warm summers and 
a wet period that occurs during autumn, winter and spring.  
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Fig.2.3. Monthly rainfall, potential evapotranspiration and effective rainfall of gauge stations of Monte Cucco, 
Gualdo Tadino and Nocera Umbra for the hydrological year 2010-2011. 
The monthly rainfall reaches a maximum during November and a minimum in August (Fig.2.3). The 
pattern of potential evapotranspiration computed was found to be almost completely opposite to that 
of rainfall, reaching a maximum in July and a minimum in December-January (Fig.2.3). 
In a karstic environment, assessing the effective infiltration rate is closely related to the evaluation of 
potential evapotranspiration, because rainfall primarily occurs during a non-warm season. Hence, its 
distribution allows a higher infiltration into the aquifer. Because of their simplicity, the Thornthwaite 
method for estimating potential evaporation was used (Thornthwaite, 1948). Moreover, runoff can be 
considered almost null in the study area, and the difference between monthly rainfall and monthly 
potential evapotranspiration appears very similar to the amount of effective infiltration. These 
amounts, reported in Tab.2.1, were considered in order to define the effective rainfall, that reaches 
the maximum during autumn-winter season, and appears to be null during May-September. 
In groundwater studies, the term effective rainfall is sometimes used to describe actual infiltration, 
indicating any water movement from the land surface into the subsurface, i.e. only a portion of water 
that reach the saturated zone (Kresic and Stevanovic, 2010). This water is sometimes called potential 
recharge or effective infiltration that describes the portion of precipitation that reaches surfaces 
streams via direct overland flow or near surface flow (interflow). 
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Tab.2.1. Water balance of three-gauge stations (mean temperature, annual precipitation, evapotranspiration 
and effective infiltration). 
Gauge stations 
Elevation 
(m a.s.l.) 
T  
(°C) 
P 
(mm/y) 
Epi 
(mm/y) 
Eff. Rainfall 
(mm/y) 
Mt Cucco 1116 8.2 1285.5 587 824.8 
Gualdo Tadino 563 13.1 900.8 806 390.4 
Nocera Umbra 542 12.4 929.7 767 413.8 
The mean annual rainfall calculated in the study area is about 1038.7 mm/y, whereas the average 
evapotranspiration (Epi) using temperature data range with altitude from 767 mm/y at 542 m a.s.l. 
(Nocera Umbra gauge station) to 587 mm/y at 1116 m a.s.l. (Mt Cucco gauge station). The average 
value is 720 mm/y. Therefore, the effective rainfall should range from 390.4 mm/y (12.3 l/s per km2) 
to 824.8 mm/y (26.2 l/s per km2), that correspond approximately at 50% of annual precipitations. 
In the highly-elevated zones (above 1000 m a.s.l.) this period is shorter and the precipitation can be 
snowy during winter (December-February), which can have significant effect on groundwater aquifer 
recharge. 
As discussed by Healy et al. (2007) the understanding of the water budget and underlying hydrologic 
processes provides foundations for effective spring management and for protection of recharge areas. 
Boni and Bono (1982) and Boni et alii (1986) proposed a direct method to assess the effective 
infiltration, based on the principle that the amount of discharge from a hydraulically closed 
hydrogeological structure is equivalent to the average amount of water entering the recharge area. 
The average effective infiltration, expressed in millimeters/year, is calculated by dividing the average 
volume of water discharged by a hydrogeological structure by the extent of its recharge area; the latter 
is identified based on a detailed reconstruction of the local geological-structural setting (Mastrorillo 
and Petitta, 2010). 
This method encounters some difficulties of application, if the investigated hydrogeological units 
have deep groundwater but no know springs and are hydraulically linked to nearby structures. The 
unknown term is represented by hydraulic exchanges, which are evaluated by comparison between 
theoretical spring discharge respect to measured spring discharge, evidencing deficit or surplus 
(Mastrorillo et al., 2009). 
Detailed hydrostructural studies are used to identify the recharge areas of the individual springs, and 
the same method may be used to assess local effective infiltration of hydrogeological complexes that 
outcrop in the investigated area. In this way, effective infiltration data were collected for the 
individual hydrogeological complexes. 
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2.3.Materials and methods 
Hydrogeological map of karst aquifer was obtained through the combination of different approaches: 
(i) geological field surveys, (ii) interpretation of multitemporal orthophotography and (iii) 
comparison between effective infiltration values estimated. The acquired data have been processed 
using QGIS 2.18 Las Palmas in the reference system WGS 1984 UTM Zone 33N. 
The geological interpretation from hydrogeological point of view, was derived considering the 
information available from Italian geological mapping project (CARG – Cartografia Geologica) at 
1:50000 scale: sheets Foglio 291 “Pergola” (Jacobacci et al., 1974) and Foglio 301 “Fabriano” 
(Centamore et al., 1979). A Digital Elevation Model having a resolution image of 10 m was available 
(tinitaly DEM map - http://tinitaly.pi.ingv.it). 
Tab.2.2. Statistical characteristics of record discharge of karst springs analysed. 
Karst spring Hydrostructure 
Minimum, 
Qmin (l/s) 
Mean, 
Qav (l/s) 
Maximum, 
Qmax (l/s) 
Scirca MC 50.6 214.9 463.5 
Vaccara MM-MP 32.8 119.1 505.3 
Boschetto MM-MP 23.6 185.4 885.7 
Capo d'acqua MM-MP 33.7 94.2 160.2 
San Giovenale MM-MP 72.0 397.5 1134.6 
Bagnara MPn 1.0 106.2 359.4 
Discharge time series measured at six karst springs are monitored by ARPA Umbria 
(www.arpa.umbria.it) and minimum, mean and maximum daily discharge records are available 
(Tab.2.2). The subset contains about 8-years of available data, from 2007 to 2015. Springs in 
carbonates represent the outlets of channel networks, and heads in large channels are lower (except 
at high flow) than in the surrounding bedrock. The statistical properties of spring discharge depend 
on input system but also by the aquifer geometry and physical properties. The spring flow rate is one 
of the few water budget elements that can be directly measured. In addition, a thorough analysis of 
the spring discharge hydrograph provides useful information on the aquifer characteristics, such as 
the nature of its storage and transmissivity and the types and quantity of its groundwater reserves. 
In this study, estimating the “effective infiltration” by using the direct method for each karst springs, 
and comparison these values with “effective rainfall” estimated in the water balance, allowed to 
define which subsystems show a mismatch with surface hydrogeological limits within related 
hydrostructure. For the estimation of effective infiltration with the direct method of Boni et alii 
(1986), the spring discharge time-series were analysed in the same hydrological year (October 2010 
– October 2011) of the meteorological time-series. 
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2.4.Results and discussions 
The Umbria-Marche Apennine ridge show a series of aligned hydrostructures apparently not 
hydraulically connected from each other. The result is a configuration characterized by different 
isolated hydrogeological systems that feed one or more karst springs with different discharges and 
regimes that reflects the hydrostratigraphic characteristics of each catchment basin. 
The Umbria-Marche ridge is a mountain range characterized by the presence of extensive outcrops 
of a thick Mesozoic limestone sequences Minissiale and Vaselli, 2011), where the anticlinal axes 
divides the Umbria and Marche regions and represents the main watershed of Apennine ridge (Mayer 
et al., 2003). 
The three main carbonatic hydrostructures (MC, MM-MP and MPn) recognized correspond to the 
anticlines of internal Umbria-Marche ridge morpho-structural province (Bally et al., 1986). In Tab2.3 
has been reported the surface extensions of the hydrostructures considered and their related 
hydrogeological arrangement of the carbonate complexes (Baq, Maq and Saq). 
Tab.2.3. Surface of hydrostructures and estimation of carbonate complexes extension. 
Hydrostructure 
Tot. Area 
(km2) 
Baq 
(km2) 
% 
Maq 
(km2) 
% 
Saq 
(km2) 
% 
Mt Cucco 113 6.7 5.9 30.8 27.3 32 28.3 
Mt Maggio-Mt Penna 146 5 3.4 52 35.6 44.7 30.6 
Mt Pennino 43 1.4 3.3 4.1 9.5 25.6 59.5 
At the foothills of western portion of these anticlinal carbonatic hydrostructures, at different heights, 
associated karst springs are mainly located. The geometrical properties of each catchment basin, at a 
local scale, and the groundwater circulation, at a regional scale, of each karst complex including a 
spring have been analysed. 
Tab.2.4. Estimation of effective infiltration using the direct method (Boni et al., 1986) and comparison with 
effective rainfall values of water balance. 
Year 2010-2011 Scirca Vaccara Boschetto Capo d’acqua San Giovenale Bagnara 
Average discharge  
Q (l/s) 
211.6 138.3 179.6 100.8 384.9 93.7 
Sub-basin area 
(km2) 
8.0 6.2 11.5 7.4 10.5 4.9 
Effective infiltration 
(l/s per km2) 
26.5 22.3 15.6 13.6 36.7 19.1 
Effective rainfall 
(l/s per km2) 
26.2 12.4 12.4 12.4 13.1 13.1 
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The comparison of effective infiltration and effective rainfall estimated for each karst sub-basins are 
shown in Tab.2.4. In the Scirca sub-basin (Mt Cucco hydrostructure), the effective infiltration 
estimated with the direct method is equal to 26.5 l/s per km2 and is perfectly comparable to 26.2 l/s 
per km2 calculated in the hydrological budget. The weather station used (Mt Cucco gauge station) is 
located within the Scirca sub-basin at an altitude of 1116 m a.s.l. The mean elevation of recharge area 
is about 1136 m a.s.l. Therefore, the perfect correspondence between the two values imply the 
reliability of the evaluations. 
In the Mt Maggio-Mt Penna hydrostructure two different results are observed. The effective 
infiltration values of Boschetto and Capo d’acqua sub-basins are slightly higher (15.6 and 13.6 l/s per 
km2, respectively) than the 12.4 l/s per km2 of effective rainfall estimated in the hydrological budget. 
Also in this case, the good correspondence between the values indicate the correctness of the 
evaluations parameters used. The weather station used is located an Gualdo Tadino at the altitude of 
563 m a.s.l. On the contrary, the recharge area of Vaccara spring show an effective infiltration value 
(22.3 l/s per km2) much higher than the same effective rainfall of previous sub-basin analysed 
(Boschetto and Capo d’acqua). 
In the San Giovenale sub-basin, the difference between the effective infiltration estimated with the 
direct method (36.7 l/s per km2) and its corresponding effective rainfall (13.1 l/s per km2) is even 
more prominent than previous one. This discrepancy can be justified by the presence of groundwater 
exchanges between the Colfiorito plains and the Mt Maggio-Mt Penna hydrostructure, verified by 
other authors (Mastrorillo et al., 2009). The southern sector of Mt Maggio-Mt Penna hydrostructure 
would receive an underground cross-flow of a non-negligible extent. 
Finally, the calculation of effective infiltration in the Bagnara sub-basin (Mt Pennino hydrostructure) 
is 19.1 l/s per km2 and results rather higher than 13.1 l/s per km2 of effective rainfall. The non-
correspondence can be justified by the underestimation of effective rainfall due to the large difference 
between the altitude of weather station (542 m a.s.l.) and the mean altitude of recharge area of Bagnara 
spring (1159 m a.s.l.). 
 From a hydrogeological point of view, using the mean values of discharge illustrated in 
Tab.2.2 the Meinzer’s classification of springs can be applied (Meinzer, 1923) to evaluate the 
magnitude of each karst system. In other words, Meinzer (1923) developed eight discharge classes 
based on the magnitude of discharge rate from a spring at the time of measurement; however, his 
numeric scheme is reversed from the intuitive scale (low discharge should have a low value). 
Therefore, for evaluating the availability of springwater, it is important to include a measure of spring 
discharge variability, which should also be based on periods of record longer than one hydrologic 
year. The simplest measure of variability is the ratio of the maximum and minimum discharge (Iv).  
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This represents a useful tool for describing the flashiness of an aquifer (White, 2007). Spring with an 
index of variability greater than 10 are considered highly variable, and those with Iv<2 are sometimes 
called constant or steady springs. These qualitative evaluations provide an impression of 
heterogeneity in the studied karst system, but give an important information about water management 
The elaboration of the statistical parameters previous describes allowed to evaluate the discharge 
variability of the karst springs studied (Tab.2.5) and to classify the magnitude as proposed in 
literature (Meinzer, 1923). 
Tab.2.5. Classification of springs based on average discharge rate proposed by Meinzer, (1923). 
Karst springs Discharge range Magnitude Index of var. (Iv) Stability 
Scirca 100-1000 l/s 3rd-third 9.2 Unstable 
Vaccara 100-1000 l/s 3rd-third 15.4 Very unstable 
Boschetto 100-1000 l/s 3rd-third 37.5 Totally unstable 
Capo d'Acqua 10-100 l/s 4th-fourth 4.8 Unstable 
San Giovenale 100-1000 l/s 3rd-third 15.8 Very unstable 
Bagnara 100-1000 l/s 3rd-third 359.4 Totally unstable 
Karst springs analysed shown an average annual discharge range between 100-1000 l/s, classifying 
them third magnitude. Only Capo d’Acqua spring, show a magnitude lower (fourth) with a mean 
discharge range between 10-100 l/s. 
The index of variability (Iv) were used for characterisation of spring’s discharge stability (Slovak 
Hydrometeorological Institute) and show results rather different for the karst subsystem analysed. 
Scirca and Capo d’Acqua springs manifest a value of Iv range between 2.1-10.0, indicating an 
unstable behaviour. Index of variability ranging between 10.1-30.0 indicates a very unstable 
behaviour for Vaccara and San Giovenale springs, whereas Boschetto and Bagnara show a totally 
unstable behaviour, with a Iv >30.0. 
The following hydrostructures analysis with hydrogeological complexes were defined on the basis of 
the hydrostratigraphy, structural characteristics and the karstification degree of each formation, in 
order to understand their role in groundwater circulation (Baiocchi et al., 2006; Boni et al., 1986; 
Capelli et al., 2005). In Tab.2.6 were estimated the surface outcropping of the hydrogeological 
complexes in all sub-basins (recharge areas) of the karst springs analysed, using the same criteria 
previously used for hydrostructures. 
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Tab.2.6. Surface extensions of sub-basins and estimation of outcropping hydrogeological complexes. 
Karst spring 
Elev. 
(m a.s.l.) 
Sub-basin 
area (km2) 
Baq 
(km2) 
% 
Maq 
(km2) 
% 
Saq 
(km2) 
% 
Scirca 575 8 4.5 56 3.5 44 0 0 
Vaccara 468 6.2 1 15 4.6 74 0 0 
Boschetto 538 11.5 0 0 11.5 100 0 0 
Capo d'acqua 570 7.4 0 0 6.9 93 0 0 
San Giovenale 480 10.5 0 0 10.5 100 0 0 
Bagnara 630 4.9 1.4 29 1.4 28 1.2 24 
2.4.1. Mt Cucco hydrostructure 
Mt Cucco is an anticline with an extension of about 113 km2 of which 61.5% (Tab.2.3) is represented 
by carbonate formations.  
The hydrostructures is characterized mainly by the outcrop of Maq (27.3%) and Saq (28.3%), whereas 
Baq outcrops only for the 5.9%. Maiolica complex and Massiccio complex results generally separated 
by Jurassic aquiclude but, sometimes, are hydraulically connected by faults mostly in the central area 
where it is present the nucleus of anticline (Fig.2.2a). 
Mt Cucco presents only one karst spring (Scirca spring) located at 575 m a.s.l in the SW limb of 
anticline. The ratio between maximum elevation of recharge area (1566 m a.s.l.) and karst spring 
elevation is about 990 m. The recharge area of this spring it was estimated by geological and 
hydrological limits and it is about 8 km2 (Tab.2.6) and the aquifer is formed almost entirely on the 
Baq, that characterize more of the 50% of basin and about 40% by the Maq (Fig.2.3a). In fact, the 
hydrostructure of Mt Cucco is represented by a well-developed underground karst with more than 50 
know caves, extending over 30 km and 948 m deep (Menichetti, 1989). 
2.4.2. Mt Maggio-Mt Penna hydrostructure 
Mt Maggio-Mt Penna is a large anticline (146 km2) characterized by outcrops of Baq in the northern 
sector, with an extension of 5 km2 (3.4 % of surface), Maq widely diffused in the central portion and 
representing the main hydrological complex outcropping (52 km2) and Saq along the periclinal 
termination, bordering the entire hydrostructure, and covering about 30% of the entire area (Tab.2.3). 
Jurassic aquiclude is present and, generally, separates the Massiccio complex from Maiolica complex. 
The marlstone and clayey-marlstone of Marne a Fucoidi Fm. limits the top of Maiolica complex and 
inhibits the hydraulic connection with the overlying Scaglia complex (Fig.2.2b). Different 
hydrogeological sub-domains, namely four karst springs (Vaccara, Boschetto, San Giovenale and 
Capo d’acqua) and their related recharge areas, are present in the hydrostructure. 
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Fig.2.4. Hydrogeological characteristics of recharge areas of karst sub-basins: (a) Scirca spring, (b) Capo 
d’acqua spring, (c) San Giovenale spring, (d) Bagnara spring, (e) Vaccara springs and (f) Boschetto spring.  
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Vaccara spring is located in the north sector of Mt Maggio-Mt Penna, at 468 m a.s.l. This spring is 
fed by a catchment basin of about 6.2 km2 (Tab.2.6), reaching the maximum elevation of 1358 m 
a.s.l. About 75% of Vaccara sub-basin is represented by Maq and 15% by Baq (Fig.2.4b). Southern 
are present the Boschetto and San Giovenale springs in the western portion and Capo d’acqua spring 
in the eastern limb of the anticline. This latter is hydrogeologically separated from each other by the 
Apennine watershed. The surfaces of these sub-basins are represented only by outcrop of Maq 
(Fig.2.4c, 2.4d and 2.4e), with an extension of 11.5, 10.5 and 7.4 km2, respectively (this value 
represents also surface extension of respective recharge area) (Tab.2.6). Boschetto spring, situated at 
538 m a.s.l., drains both the Maiolica complex and the Massiccio complex, due to the absence in this 
sector of the Jurassic aquiclude, for an elevation distribution of about 816 m (maximum elevation of 
recharge area is about 1376 m a.s.l.). San Giovenale (located at 480 m a.s.l.) and Capo d’acqua (at 
570 m a.s.l) springs feed two aquifers characterized almost exclusively by Maq because of the outcrop 
of Jurassic aquiclude inhibits the water exchange with the underling Massiccio complex. These 
systems are characterized by lower values of elevation ratio between karst springs and the point of 
maximum elevation: 352 and 513 m, respectively.  
2.4.3. Mt Pennino hydrostructures 
The southern sector of study area is represented by the anticline of Mt Pennino, having a size 
extension of 43 km2 (Tab.2.3). The nucleus of anticline and hinge zone are represented by outcrop 
of Baq and Maq, that characterize the 29% and 28% (respectively) of the recharge area of about 4.9 
km2 (Tab.2.6). In this part of anticline are present a set of normal faults that are responsible of 
hydraulic connection between Maiolica and Massiccio complexes, even though the Jurassic aquiclude 
outcrops (Fig.2.2c). The maximum elevation of recharge area is 1571 m. Bagnara spring is located at 
630 m a.s.l. (Tab.2.6) in the Saq aquifer and its sub-basin includes all three hydrogeological 
complexes (Baq, Maq and Saq) (Fig.2.4f). 
2.5.Conclusions 
The map proposed provides a range of hydrogeological information with different details: at a 
regional scale outlines the distribution of main hydrological structures and karst aquifers in the 
Umbria-Marche Apennine ridge whilst at a local scale details the recharge areas of sub-basins and 
their related karst springs. 
In particular, this work focused on the delineation of the geological and hydrogeological 
characteristics that influencing the groundwater circulation in the individual hydrostructures 
considered (Mt Cucco, Mt Maggio-Mt Penna and Mt Pennino). 
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The carbonatic lithotypes covered about the 67% of the considered hydrostructures and only the 4.3% 
is represented by the Massiccio complex (Baq), which is considered the main aquifer of Apennine 
ridge. 
The comparison between the effective infiltration and effective rainfall reveals different results. Some 
karst systems analysed (Scirca, Boschetto and Capo d’acqua) show a good correspondence between 
the two values, indicating the correctness of the evaluations parameters used. Hence, these sub-basins 
can be considered hydrogeologically closed. 
On the other hand, the values of effective infiltration in Vaccara and Bagnara karst systems are higher 
than effective rainfall estimated in the hydrological budget. Probably, this gap is linked to the non-
correspondence between the weather stations altitude and the average altitude of sub-basins 
considered. Furthermore, the effective infiltration of San Giovenale sub-basin (10.5 km2) is about 23 
l/s per km2 more than effective rainfall estimated in the hydrological budget (13.1 l/s per km2), 
implying a not inconsiderable underground feeding from other sectors outside the present 
hydrostructure. In this case, the groundwater surplus comes from the karst planes of Colfiorito, which 
is considered as a high infiltration area, since rainwater is collected by the plain, retained at the surface 
by the low-permeability fluvio-lacustrine complex and channelled by surface runoff towards karst 
swallow-holes (Mastrorillo et al., 2009). 
Therefore, the lack of a rather large network of weather station do not afford a reliable assessment of 
some recharge area and especially of its effective rainfall estimation. Hence, it is preferable to refer 
at the effective infiltration values estimated with the direct method of Boni et alii (1986), except of 
San Giovenale karst basin which does not represent a closed hydrogeological system. 
 Finally, from a structural point of view, the hinge zones of the anticlines perform a 
hydrological control, delineating a regional watershed along the Umbria-Marche ridge. 
In the hydrostructures at least one basin associated to a karst spring are present. The considered sub-
basins showing recharge areas rather small (from 5 km2 to 11.5 km2) and the percentage values of 
outcropping complexes points out as the karst systems in the Umbria-Marche Apennines are 
controlled by water circulation in the Maq and Baq, which are very often hydraulically connected by 
faults systems or by the lack of Jurassic aquiclude. 
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3. Fractures analysis and geometrical arrangement of carbonate aquifers in 
Umbria-Marche Apennine (central Italy) 
Abstract 
Fracture networks control the permeability of many reservoirs. Since the fracture patterns in situ are difficult 
to study in detail, field analogues are very important for understanding their fracture-related permeability and 
spatial organizations. The modelling of natural fracture in reservoirs requires, as input data, the results of 
previous detailed and accurate analyses of the 3D fracture network. Here, we report the results of a systematic 
study carried out on the fracture systems exposed in different outcrops of fractured carbonate formations in the 
Umbria-Marche Apennines, in the northern Italy, defining a conceptual model of structural and hydraulic 
properties of the main aquifers of northern Apennine ridge (Calcare Massiccio and Maiolica Formation). We 
measured the attitude and other structural parameters of 4184 fractures and bedding-planes. There are two 
main fracture sets: one strikes between SW-NE (dip-direction of N115) and NNE-SSW (dip-direction of N20), 
that probably the main pathways for the water-circulation from infiltration zone to spring outlet. Structural and 
statistical analysis of outcrops analysed shown different geometric properties of Calcare Massiccio and 
Maiolica Formation. Then, Discrete Fracture Network (DFN) models of representative geocellar volumes were 
built to compute both fracture porosity and correspondent permeability (Kxx, Kyy, Kzz). Results of such a work 
show that the fracture porosity of Calcare Massiccio Formation is much greater than Maiolica Formation (1.7 
and 4.3%, respectively), and the permeability values result well correlated with this trend. 
3.1.Introduction 
Fractures are widespread structures in rocks, and for practical applications it is imperative to 
accurately predict fracture attributes that affect fluid flow, including their size and spatial arrangement 
(Lavenu and Lamarche, 2017). The influence that fractures exert on fluid flow through rocks 
(Engelder and Scholz, 1981; Sibson, 1996) makes genetic and structural studies of fracturing relevant 
to geologist from different fields study (Billi, 2005).  
In fact, fractures networks can exert a strong control on fluid circulation through water aquifers and 
hydrocarbon reservoirs (Odling et al., 1999; Berkowitz, 2002; Gillepsie et al., 2001) and influence 
many geological process such rock alteration and mineral precipitation. In cases of groundwater 
reservoirs, large fractures provide preferential pathways for regional fluid movement, leading to fast 
transport. Small fractures as well as low fracture intensity are influential in terms of storage and 
retardation, as their permeability values are several orders of magnitude smaller (Chen-Chang Lee et 
al., 2010).  
Fractures can introduce highly conductive pathways in case of connected open joints or form barriers 
to flow in case of cemented veins or fault gauge (Nelson, 2001). Fractures influence flow across 
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multiple length scales from sub-meter joints to kilometre long fractures and faults (Davy et al., 2010; 
Gross and Eyal, 2007). 
Network connectivity is controlled by fracture orientation and length distributions and in turn 
influenced by hierarchies and abutment relationships (Barton, 1995; Odling et al., 1999; Sanderson 
and Nixon, 2015). 
Tensile fractures are ubiquitous in rocks, forming a “background” joint network homogeneously 
distributed within rock volumes (Guerriero et al., 2015). Tensile fractures hosted in well-bedded 
stratigraphic successions, generally develop orthogonal to bedding (Pollard and Aydin, 1988). 
In the geological record, platform carbonates form either massive and/or layered successions 
depending upon their original depositional environment (Tucker and Wrigtht, 1990). In both cases, 
these successions show a competing primary (matrix) and secondary (fracture) porosity in the control 
exerted on fluid flow (Lucia, 1999; Odling et al. 1999). 
Fractured and karstified carbonates often form major aquifers and hydrocarbon reservoirs. However, 
because of the complexity of these systems, significant uncertainties remain in predicting their 
hydrodynamic behaviour. 
Porosity, permeability and groundwater flow characteristics of fractured rocks, particularly their 
quantitative aspects, are rather poorly understood. Main flow paths in fractured rocks are along joints, 
fractures, shear zones, faults and other discontinuities. 
Burial-related joints, often associated to bed-parallel stylolites (Groshong, 1988; Agosta and Aydin, 
2006; Agosta et al., 2009; Gudmundsson et al., 2010; Korneva et al., 2014), in carbonates may show 
a systematic attitude displaying a spacing distribution somehow proportional to the bed thickness 
(Price, 1966; Huang and Angelier, 1989; Gross, 1993; Gross and Engelder, 1995; Becker and Gross, 
1996; Hanks et al., 1997; Underwood et al., 2003; Gudmundsson, 2011; Rustichelli et al., 2013; 
Korneva et al., 2014; Panza et al., 2015). 
Hence, a careful characterization and knowledge of the in situ structural and geometrical attributes of 
fractures and fracture networks is still fundamental for understanding the natural variability of 
fracture networks (McGinnis et al., 2016). 
These studies demonstrated that preferential flow paths exist in any discrete networks, and the 
simplification of a fissured aquifer into an equivalent porous medium model is possible only under 
certain conditions. Therefore, a valid structural interpretation should simultaneously honour available 
surface and subsurface data to constrain structural geometry. 
In this paper, fracture data collected in outcropping analogues of fractured carbonate reservoirs are 
used for deriving its hydraulic properties by means of a DFN approach (Long et al., 1996; Wilson et 
al., 2011). According to his approach, only certain sets of fracture are considered as permeable. The 
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matrix medium is considered to have zero permeability and it is mainly applicable for fractured 
aquifers. The modelled rock are carbonates belonging to the Calcare Massiccio and Maiolica 
Formations (that constitute the main reservoir of Northern Apennines) and are located in a northern 
sector of Umbria-Marche Apennines in central Italy. Attributes of fractures and fracture networks 
from vast fold-and-thust belt regions are qualitatively and quantitatively presented. The stochastic 
modelling of the fracture network was performed by using the MOVETM software licensed by 
Midland Valley Exploration Ltd. The structural analysis providing insights on arrangement and 
distribution of diffuse fractures in the carbonate rock mass in term of geometrical and dimensional 
properties, in order to define fracture permeability and porosity. 
The results of this study may help to gain new insights for a better knowledge of fluid circulation 
paths in fractured carbonate reservoirs and, possibly, implement predictive modelling tools. 
3.2.Geological setting 
The Northern Apennines were built by concurrent crustal shortening and extension driven by 
subduction and rollback of Adria and retreat and extension upper plate (Malinverno and Ryan, 1986; 
Royden, 1993). 
Since the end of the early Miocene, the tectonic evolution of the Northern Apennines is characterized 
by regional uplifting, accompanied by contemporaneous eastward migration of coupled compression 
and extension in the foreland and hinterland, respectively (Elter et al., 1975; Lavecchia et al., 1994). 
At present, extension is affecting the main Apennines ridge, whilst compression is localized along 
the Adriatic coast. 
The brief tectonic evolution just discussed of Umbria–Marche Apennines has characterized a fold-
and-thrust belt that is largely described in literature (Decandia and Giannini, 1977; Lavecchia, 1985; 
Bally et al., 1986; Lavecchia et al., 1994; Barchi et al., 1998). Its consists of asymmetric large 
anticlines overturned eastward above tight synclines, with prevailing NW-SE trend vergency (Di 
Naccio et al., 2005) and located between front of the Tuscan Nappe and the relatively undeformed 
Adriatic foreland, that separates the east-verging Umbria-Marche Apennines from the west-verging 
Dinarides (Barchi et al., 2012). 
In particular, the area can be divided into three tectonic phases (Barchi and Lemmi, 1996): from 
Lower Jurassic to Lower Miocene, an extensional phase with the deposition of the Umbria-Marche 
Succession on passive continental margin; between Miocene and Pliocene, a phase of compressional 
tectonics, which leads to the formation of the fold and thrust belt, associated with thrusts and sub-
vertical strike-slip faults; from Pleistocene the area is affected by a constant uplift and extensional 
deformation, with formation of normal faults systems and their related intramontane basins (Pazzaglia 
et al., 2015). 
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Fig.3.1. Geological map of study area (a); geological cross section of the three anticlines (b); rose diagram of 
strike-direction of main tectonic lineaments (normal faults, thrust faults and transpressive faults) (c). 
The stratigraphic succession in the study area consists of four major mechanical units: (1) a Triassic 
thick sequence of alternating of dolostones, anhydrites and limestones (Anidridi di Burano Fm. and 
Calcari a Rhaetavicula Contorta Fm.); (2) lower Jurassic, poorly layered platform limestones (Calcare 
Massiccio Fm.); (3) a lower Jurassic e Miocene pelagic sequence including mainly well-bedded 
limestones, marly limestones and marls (from Corniola to Bisciaro Fm.) (e.g. Centamore et al., 1972, 
1975; Barchi and Lemmi, 1996). 
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In this sector of the Apennines, the Anidriti di Burano Fm. provides the most efficient decollement 
layer (e.g. Bally et al., 1986; De Feyter and Menichetti, 1986; Menichetti et al., 1991; Anelli et al., 
1994). Some structures considered are characterised by eteropies and lateral thickness variations 
(Alvarez, 1989; Galdenzi and Menichetti, 1989).  The “condensed” sedimentary sequence (post 
Calcare Massiccio Fm.), consists of grey stratified limestones, nodular limestones, and marls of 
Bugarone Fm. (Deiana et al., 2002). The complete Umbria-Marche multilayer sequences are 
generally exposed in the central folds of each anticline structures (Centamore et al., 1972, 1975), 
where we performed out structural study. 
The study area includes a large sector of northern Apennines that comprises three anticlines structure 
located in the Umbria-Marche regions with a general axes trend of NW-SE (main map in Fig.3.1a): 
Mt. Cucco anticline, Mt. Serrasanta anticline and Mt. Pennino anticline. 
All over the Umbria-Marche region, high-angle right-lateral strike-slip shear zones of various length 
and displacement are quite common (Lavecchia et al., 1988). The strike-slip shear zones (TF, 
transpressive faults in rose-diagram in Fig.3.1c) mainly trend N-S. Well-developed all over the 
Umbria-Marche region are also low-angle thrusts, coeval to the strike-slip faults and clearly post-
dating the folds. On a regional scale, the high-angle strike-slip faults are expected to merge with these 
low-angle shearing planes (Lavecchia et al., 1988). In this ridge sector these planes are co-axial to 
the folds and trends respectively NNW-SSE and locally show a propagation towards N-S (RF, reverse 
faults in rose-diagram in Fig.3.1c). 
We detected the structural properties of Calcare Massiccio Fm. and Maiolica Fm. because represents 
the main aquifers of Apennine ridge.  
3.3.Methods and materials 
For hydrogeological approach and studies, it is extremely important to understand and describe the 
structure of the rock-mass and quantify the pattern and nature of its discontinuities (van Golf-Racht, 
1982; Sharp, 1993; Lee and Farmer, 1993; de Marsily, 1986). 
The main technique used in this study to detect fractures in outcrop involves the single scan line (1D) 
and areal scanline (2D) methods consisting in measuring fracture spacing and various attributes for 
each fracture, along one and/or two ideal line oriented parallel and perpendicular to the bedding 
(Priest and Hudson, 1981; Priest, 1993; Zeeb et al., 2013a). We recorded different genetic 
characteristics of fractured rock mass analysed: number of sets of discontinuities present in the 
network, attitude of discontinuities (in term of strike, dip-direction and dip-angle), fracture spacing 
and bed thickness of each sets, intensity of fracturation and persistence of discontinuities. 
In order to evaluate the hydraulic properties of different carbonate reservoirs, a DFN models was built 
using the “Fracture Modelling” module of the software MOVETM.  
Chapter 3 
32 
 
The methodology consists on define five geometrical parameters for each fracture set: orientation 
(dip azimuth, angle of dip), length distribution (persistence), length/height ratio (single value, fracture 
intensity and hydraulic aperture. In our model we assume that the hydraulic aperture is proportional 
to fracture length, because the in the study area the karst exert an influence rather relevant on fracture 
network, especially in depth, making inappropriate the field measure of this parameter. Also fracture 
intensity has been calculated as the inverse of fracture spacing for each joint sets detected, determing 
the N parameter, which is the number of fractures per m3. Such a parameter is equivalent to the 
geomechanical Jv (Joint volumetric count, Palmström, 2001). 
 
Fig.3.2. Example of Maiolica (a) and Calcare Massiccio Formations (c) outcrops in the Mt Maggio and Mt 
Serrasanta structures, respectively.  The picture (b) and (d) represent the schematic view of discontinuities 
detected. 
The obtained DFNs represents volumes having dimensions similar to outcrops considered. Fractures 
and their output parameters are associated to a geocellar volume, where the cells are in 0.5x0.5x0.5m. 
The parameters estimated were computed for each cell of each geocellar volume taking in 
consideration the discontinuity segments contained in them. In particular, fracture porosity is 
calculated dividing the total fracture volume contained in each cell, and the volume of the cell, 
whereas the calculation of the permeability tensor (Kxx, Kyy and Kzz) is based on the Oda’s 
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methodology (Oda, 1985), which derives from both Darcy’s law and laminar flow between parallel 
plates theory (Long et al., 1996): 
𝑄
𝐴
=
𝑆3
12𝐷
𝜕ℎ
𝜕𝑙
𝜌𝑔
𝜇
           (Eq.31.) 
where Q is the flow rate, A the cross-section area of the modelled volume, S the fracture aperture, D 
the fracture spacing, h/l the pressure head, ρ the fluid density and μ the fluid dynamic viscosity. 
In all models, both matrix porosity and permeability were not considered. Concerning computation 
of the correspondent permeability, since the flow rate varies as the cube of fracture aperture, the 
results are profoundly affected by the values inputted into the modelling software. 
Therefore, several outcrops of Calcare Massiccio Fm. and Maiolica Fm. in the three anticline 
structures (Mt Cucco, Mt Maggio-Mt Serrasanta and Mt Pennino) of northern Apennines were carried 
out.  
3.4.Results 
Several intersecting intercommunicating fractures create a fracture network which facilities fluid 
flow. Therefore, a fractured rock mass can be considered to be made by discontinuities having 
different genetic properties. Structural analysis was performed along along the vertical walls and 
pavements outcrops to decipher the geometry and the multi-scale properties of background structures. 
3.4.1. Number of sets and spatial orientation 
 
Fig.3.3. Orientations data of discontinuities in the π-pole diagrams of their respective structures analysed from 
north to south: (a) Mt Cucco, (b) Mt Maggio, (c) Mt Serrasanta, (d) Mt Penna, (e) Mt Burello and (f) Mt 
Pennino. J1, J2, J3 and J4 represents the respective joint sets; S represent the bedding surface. 
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Several sets of discontinuities are often developed in a rock mass. The spatial orientation represents 
the attitude of discontinuitis present in the network. Number of sets of discontinuities in a exposure 
has been determined by statistical analysis and have been defined in terms of dip-direction and dip 
amount. A total 4184 subvertical fractures and bedding planes were measured at the 12 stations, 7 in 
the Calcare Massiccio Formation and 5 in the Maiolica Formation, along the three anticline structures 
considered. 
The measurements are represented in contouring poles-plots (Fig.3.3) and the results of main fracture 
sets for each contour-diagrams are reported in Tab.3.1. The immense majority of these joints were 
vertical or nearly so, although other inclinations appeared, wherease bedding planes shows a dip 
between 10° and 35°. 
Tab.3.1. Dip-direction of joints sets and bedding-planes of structures analysed. 
Structure Set 1 (J1) Set 2 (J2) Set 3 (J3) Bedding (S) 
Mt Cucco N115°-85 N50°-75 N22°-85/N202°-85 N210°- 
Mt Maggio N125°-85 N345°-85/N165°-85 N210°-85/N30°-85 N100°- 
Mt Serrasanta N130°-85 N10°-80 N60°-70 N140°- 
Mt Penna N95°-85/N275°-85 N10°-85/200°-85 / N270°- 
Mt Burello N285°-85/N115°-85 N215°-85/N45°-85 N345°-85/N175°-85 N240°- 
Mt Pennino N280°-85/N100°-85 N228°-85/N45°-85 N345°-85/N175°-85 N60°- 
The contour-diagrams of all the joints shows that there are two main sets (J1 and J2) with a clearly 
marked maximums of SW-NE (N115°-85 or N280°-85) and NNE-SSW (N30°-85 or N280°-85). In 
addition, secondary joint sets (J3) dipping at NNW-SSE (N345°-85 or N165°-85) are relatively 
abundant, whereas other minor joint sets are observable very rarely (J4). 
 
Fig.3.4. Frequency distribution of joint spacing of each structure analysed: (a) Mt Cucco, (b) Mt Maggio, (c) 
Mt Serrasanta, (d) Mt Penna, (e) Mt Burello and (f) Mt Pennino. 
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3.4.2. Analysis of fracture spacing and bed thickness 
Spacing is defined as the distance between fractures measured along a scnline, while the fracture 
intensity is the number of fractures per unit length along a scanline (Priest, 1993). Spacing is thus the 
inverse of fracture intensity. A total number of 3108 spacing measurments made along the 12 outcrops 
are presented as histograms in Fig.3.4, dividing them for individual structures and formations 
analyzed. The descriptive statistics for each structure, sush as arithmetic mean, median and standard 
deviation are given in Tab.3.2, with their respective value of fracture intensity. Fracture intensity is 
a pattern characteristic that incorporates both density and size (Dershowitz and Herda, 1992; Mauldon 
and Dershowitz, 2000). Intensity is defined as number of fractures per unit sample length, fracture 
length per unit surface area, or fracture area per unit rock volume, in one, two, or three dimensions, 
respectively. 
Fracture spacing in the Calcare Massiccio Fm. (histogram-plots in Fig.3.4a, 3.4c and 3.4f) have a 
magnitude generally higher then fracture spacing showed by Maiolica Fm. In particular, the main 
joint set (joint set 1), reach a maximum mean value of 102.1 cm in the Mt Serrasanta outcrops. 
Statistically, the main joint sets show higher values of fracture spacing, but the distribution is no-
clusterd; this is demostrated by elevated standard deviation see in Tab.3.2. On the other hand, the 
secondary joint sets (joint set 2 and joint set 3) show lower spacing values but with a normal 
distributions (lower standard deviations), suggesting that the spatial distribution of these fracture is 
regular (Odling et al., 1999). 
Fracture spacing vaiers as a function of bed thickness and of lithology. The linear relationship 
between fracture spacing and bed thickness is widely documented (Price, 1966; Huang and Angelier, 
1989; Narr and Suppe, 1991; Gross, 1993; Mandal et al., 1994; Gross and Engelder, 1995; Wu and 
Pollard, 1995; Narr, 1996; Pascal et al., 1997; Bai and Pollard, 2000). Therefore, has been analyzed 
the bed thickness of each structures considered (Fig.3.5) in the same way of fracture spacing, 
differentiating the Calcare Massiccio outcrops (not well-layered sequence) from Maiolica outcrops 
(well-layererd sequence). 
All carbonate facies are arranged into layers at dm-to m scale. The exposed rocks of Maiolica Fm.) 
correspond to well-layered micritic limestone with bed thickness varying from 19 to 37 cm (Fig.3.5b, 
3.5d and 3.5e). The data are represented by a well clusterd distributions with a low values of standard 
deviation (see Tab.3.2).  
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Fig.3.5. Frequency distribution of bed thickness of each structures analysed: (a) Mt Cucco, (b) Mt Maggio, (c) 
Mt Serrasanta, (d) Mt Penna, (e) Mt Burello and (f) Mt Pennino. 
On the contrary, the rock mass of Calcare Massiccio Formation is poorly stratified or massive 
resulting affected by a distributed deformation by bed-parallel pressure solutions (pseudo-bedding) 
that disperse the distributions (Fig. 3.5a, 3.5c and 3.5f). This determine several mechanical units with 
different thickness. A mechanical unit was defined as an individual bed or a package of beds with 
common mechanical charateristics. 
Bed thickness measured in Calcare Massiccio varying from 46.3 cm (pseudo-bedding) on Mt Pennino 
outcrops (Fig.3.5f) to 204.4 cm (cyclothems surface) on Mt Serrasanta outcrops (Fig.3.5c). 
Fracture intensity values were estimated as the inverse of the corresponding spacing analysis, which 
represents the number of joints intersecting a given rock volume. Hence, fracture intensity values 
(Tab.3.2.) follow the same trend of spacing analysis previously discussed. 
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Tab.3.2. Statistical parameters related to fracture spacing and fracture intensity of each structure analysed. 
Structure No. data Mean Median St. deviation 
N, fracture 
intensity (1/m3) 
Mt Cucco      
Set 1 186 92.2 90.0 21.3 1.1111 
Set 2 162 34.2 34.0 6.9 2.9412 
Set 3 150 32.7 31.0 8.2 3.2258 
Bed thickness 110 133.9 130.0 43.3 0.7692 
Mt Maggio      
Set 1 246 89.9 90.0 24.5 1.1111 
Set 2 138 80.3 82.0 9.8 1.2195 
Set 3 156 39.7 40.0 8.9 2.5000 
Bed thickness 144 37.1 35.5 13.4 2.1869 
Mt Serrasanta      
Set 1 256 140.1 141.0 55.8 0.7092 
Set 2 180 99.5 97.0 16.9 1.0309 
Set 3 200 55.9 54.0 14.5 1.8349 
Bed thickness 106 204.4 208.0 19.4 0.4848 
Mt Penna      
Set 1 200 76.9 75.5 19.5 1.3245 
Set 2 162 31.3 30.0 9.4 3.3333 
Bed thickness 110 19.7 19.0 5.6 5.2632 
Mt Burello      
Set 1 204 67.1 66.5 13.9 1.5038 
Set 2 172 49.1 46.5 16.0 2.1505 
Set 3 138 32.2 33.0 8.1 3.0303 
Bed thickness 130 25.2 25.0 6.5 4.0000 
Mt Pennino      
Set 1 174 79.9 76.0 40.7 1.3158 
Set 2 192 54.1 45.5 28.3 2.1978 
Set 3 192 39.5 30.5 28.2 3.2787 
Bed thickness 190 46.3 31.0 45.7 3.2258 
3.4.3. Analysis of fracture persistence 
Like fracture spacing, vertical persistence is also controlled by the geometric and mechanical 
properties of the individual mechanical units (Gross et al., 1995; Cooke et al., 2006; Gudmundsson 
et al., 2010; Rustichelli et al., 2013). 
In Tab.3.3 have been reported the statistical data of this parameter, as data number, mean, standard 
deviation and variability range (min and max) of each sets. 
Fracture length analysis confirm the results of the spacing analysis. Joint set 1 show the high mean 
length of joints, varying from 1.14 to 4.47 m in the Calcare Massiccio outcrops and from 0.6 to 1.83 
m in the Maiolica outcrops. The mean correspondent persistence of Joint set 2 varies from 0.65 to 
2.43 m in the Calcare Massiccio Formation and from 0.32 to 1.17 m in the Maiolica Formation. Joint 
set 3 show the lowest mean values of fracture persistence, vaying from 0.44 to 1.22 m in Calcare 
Massiccio Formation and from 0.25 to 0.41 m in Maiolica Formation. 
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The aspect ratio was estimated by the ratio between the maximum and the minimum value of 
persistence. In consequence, the aspect ratio will be variable for each sets analyzed. 
Generally, the aspect ratio estimated results about 2 (ratio of 1:2), varying from a minimum of 1.4 at 
Maiolica of Mt Maggio outcrops to 3.1 at Maiolica of Mt Penna. Hence, the field observation shows 
as the fractures of Calcare Massiccio Formation are most persistent than fractures of Maiolica 
Formation. 
Tab.3.3. Statistical parameters related to fracture persistence and aspect ratio of each structure analysed. 
Structure No. data Mean St. dev. Min Max Aspect Ratio 
Mt Cucco       
Set 1 128 148.4 46.6 101.8 195.1 1.9 
Set 2 83 104.5 39.1 65.3 143.6 2.2 
Set 3 96 66.2 26.3 39.9 92.6 2.3 
Mt Maggio       
Set 1 96 183.1 32.1 151.0 215.2 1.4 
Set 2 70 117.9 24.4 93.5 142.4 1.5 
Set 3 77 39.4 11.1 48.3 81.3 1.7 
Mt Serrasanta       
Set 1 38 447.2 153.5 293.7 458.7 1.6 
Set 2 44 243.3 54.5 188.9 297.8 1.6 
Set 3 60 122.1 22.3 99.8 144.4 1.4 
Mt Penna       
Set 1 104 59.0 17.4 48.6 148.3 3.1 
Set 2 93 40.8 15.3 39.5 98.3 2.5 
Mt Burello       
Set 1 101 66.3 12.0 78.3 143.3 1.8 
Set 2 104 32.2 9.9 42.2 82.1 1.9 
Set 3 83 25 9.8 15.2 34.8 2.3 
Mt Pennino       
Set 1 186 114.5 25.0 89.5 139.5 1.6 
Set 2 162 64.5 15.7 48.8 80.2 1.6 
Set 3 88 44.4 12.6 31.8 57.0 1.8 
3.4.4. DFN modelling and hydraulic properties 
As reported above, a multi-scale fracture distribution was documented after fieldwork. Discrete 
Fracture Network (DFN) are generated stochastically based on user-defined input parameters for each 
fracture set. Fracture are generated in each cell based on the specific length distribution until the 
intensity values are reached. Once the individual DFN are constructed using the MOVETM, fracture 
porosity, N and correspondent permeability tensors and porosity were computed. 
The numerical results of fracture modelling computer for such a configuration are illustrated in 
Fig.3.6 and reported in Tab.3.4. The field observations indicate conceptual DFN models made of 
three joint sets, which oriented perpendicular to bedding plane. A number of 18745 is generated and 
fracture set 1 (N115°-85) results the most developed in all the DFNs, in agreement with the contour-
plot shown in Fig.3.3. 
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Fig.3.6. Fracture modelling results of joint sets obtained for the geocellar volumes builded for each structure 
analysed: (a) Mt Cucco, (b) (Mt Maggio, (c) Mt Serrasanta, (d) Mt Penna, (e) Mt Burello and (f) Mt Pennino. 
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It can be shown that the fracture networks are largely influenced by lithological layering (bed 
thickness), since many fractures are mostly confined to single layers. Fractures of set 1 can be more 
continuous and frequently penetrate many layers, whereas those of the other set are mostly confined 
to single layers, especially in the Maiolica outcrops. Odling et alii (1999) suggest a classification of 
fracture systems that describes its behaviour at bedding interfaces. Two end-members, stratabound 
and non-stratabound are defined. 
In this study, the joints of set 1 can be considered a non-stratabound fractures, except for the Mt 
Pennino outcrops (Fig.3.6f) where the bed presso-solution discontinuities exert a strong control on 
fracture propagation. 
Several geocellar model volumes are 10x10 m-wide and 2 m-thick (Mt Cucco, Mt Maggio and Mt 
Penna), whereas Mt Burello and Mt Pennino are modelled with a geocellar volume of 10x10 m-wide 
and 1 m-thick. Only Mt Serrasanta were computed on volume of 20x20x10 m. The individual cell 
size adopted is 0.5x0.5x0.5 m. 
DFN of Mt Cucco (Fig.3.6a) show a low P32 (2.99 m2/m3), in agreement with high values of fracture 
spacing, determining a fracture volume of 0.659 m3 on 200 m3, while the average fracture porosity 
computed is 3.29%. The mean correspondent permeability along the x-direction, Kxx, is about 1225 
Darcy, about 1329 Darcy along the y-direction, Kyy, and about 2213 Darcy along the vertical 
direction, Kzz (Tab.3.4). 
Tab.3.4. Results obtained after DFN modelling of Calcare Massiccio and Maiolica Fm. outcrops in northern 
Apennines. 
Parameters Mt Cucco Mt Maggio Mt Serrasanta Mt Penna Mt Burello Mt Pennino 
Fracture number 1443 931 14141 923 649 658 
Fractured Area 
(m2) 
598.64 523.08 32983.80 215.25 115.48 118.61 
Fractured Volume 
(m3) 
0.6589 0.5347 34.0218 0.2509 0.1230 0.1221 
Model Volume 
(m3) 
200 200 4000 200 100 100 
Avg Fracture 
Porosity (%) 
3.2944 2.6734 8.5054 1.2544 1.2302 1.2207 
Avg Fracture 
Aperture (mm) 
1.1006 1.0222 1.0314 1.1656 1.0652 1.0292 
Avg DFN P32 
(1/m) 
2.9931 2.6154 8.2459 1.0762 1.1548 1.1861 
Max Perm_Kxx 
(Darcy) 
1225.5 713.8 1815.3 955.5 565.1 356.8 
Max Perm_Kyy 
(Darcy) 
1329.7 626.3 1492.9 1273.8 519.3 553.8 
Max Perm_Kzz 
(Darcy) 
2213.3 1210.1 2883.9 1678.9 960.7 690.2 
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Average P32 value of Mt Maggio structure (Fig.3.6b) is 2.67 m2/m3 and average computed porosity 
is 2.67%. Also in this case, the structural properties of rock mass reflect rather well the field data. 
The mean correspondent permeability along the x-direction, Kxx, is about 713 Darcy, about 626 
Darcy along the y-direction, Kyy, and about 1210 Darcy along vertical direction, Kzz (Tab.3.4). 
The generated DFN model of Mt Serrasanta outcrops (Fig.3.6c) made up of 14141 fractures 
computing about 34 m3 of fracture volume on 4000 m3. The average fracture porosity estimated is 
8.5% (higher recorded value), probably linked to the strong persistence of joint sets. The mean 
permeability computed by this DFN show the highest recorded values: about 1815 Darcy along the 
x-direction, Kxx, about 1492 Darcy along y-direction, Kyy and about 2884 Darcy along vertical 
direction, Kzz (Tab.3.4). 
Mt Penna, Mt Burello and Mt Pennino DFN models (Fig.3.6d, 3.6e and 3.6f) show the lower value 
of P32 (1.07, 1.15 and 1.18 m2/m3, respectively) and fracture porosity (1.25, 1.23, and 1.22%). 
Mt Penna model (Tab.3.4) show a mean correspondent permeability of about 955 Darcy along x-
direction (Kxx), 1273 Darcy along y-direction (Kyy) and 1679 Darcy along vertical direction (Kzz). 
The mean permeability compute by Mt Burello DFN is about 565 Darcy along x-direction (Kxx), 
about 519 Darcy along y-direction (Kyy) and about 961 Darcy along vertical direction (Kzz) 
(Tab.3.4). 
3.5.Discussion 
The study of several outcrops of Calcare Massiccio and Maiolica Formations in Umbria-Marche 
Apennines has indicated two principal fracturing directions: NW-SE (N115°) and NNE-SSW (N20°) 
(Mayer et al., 2003). Other maximums, although less marked, are N220°, N345° and N70° (see rose-
diagram in Fig.3.7b). 
The structural configurations is characterized by a different anticlines having a NW-SE trend  and 
exhibits a concentric geometry, where no discrete hing znes ca be traced between the crest and the 
fold limbs (Tavani et al., 2008). Bedding dip across the fold strike, SW-NE (see cumulative 
contouring of poles to bedding in Fig.3.7c) progressively passes from 40° toward the SW in the 
southwestern sectors and up to 75° in the northeastern sector, in proximity of thrust faults. 
The faults, as well as folding, clearly affect the structural asset of the units. In fact, in the study area 
can be distiguished three different fault systems (rose-diagram in Fig.3.7e): a normal fault system 
(NF), transtensive system (TF) and thrust system (RF). 
The NE and NW-striking normal faults, which developed during early Jurassic extensional tectonics 
(rifting), are responsible for the contacts between the Calcare Massiccio Fm. and younger pelagic 
formations (Colacicchi et al., 1970; Centamore et al., 1971; Galdenzi and Menichetti, 1999). This 
kinematics seems to be not correlated with fracturation sets. 
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Fig.3.7. Simplified hydrogeological scheme of Calcare Massiccio and Maiolica Formations in the study area 
(a) and the relative stratigraphic column of Umbria-Marche succession (d). The structural properties of 
discontinuities analysed are also indicated: (b) rose-diagram of the all joints measured, (c) contour-plot of 
bedding-planes and (e) rose-diagram of different faults systems. 
The main sets, N115° (SE-NW) and N20° (NNE-SSW), are about parallel and perpendicular at σ1 of 
Negogenic deformation direction (about N75°). These joint sets probably forming the major 
discontinuities where flow circulation appens into the carbonate reservoir of Umbria-Marche 
Apennine ridge (Calcare Massiccio and Maiolica Formations). 
DFN models built by field structural-data highligthed the role played by fractured arrengement of 
rock mass. In fact, the joint sets SE-NW and NNE-SSW control the connectivity between them and 
other fracture sets present, incuding bedding planes and bed-parallel presso-solution 
(pseudobedding). This is achieved thanks both high fracture spacing (0.6-1.4 m for Joint Set 1 and 
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0.35-0.97 m for Joint Set 2) and high fracture persistence (0.6-4.4 m for Joint Set 1 and 0.32-2.45 m 
for Joint Set 2). 
Despite this, the computed results of DFN models highilight a marked difference in terms of hydraulic 
properties of the fractured rock mass between the two formations analzyed (Calcare Massiccio and 
Maiolica Formations), considered the main aquifers of Umbria-Marche Apennine ridge (Fig.3.8). 
The mean fracture porosity estimated from DFNs of Maiolica outcrops is about 1.7%, ranging from 
1.23 to 2.67% (Fig.3.8a). On the other hand, DFN models of Calcare Massiccio outcrops show a 
mean fracture porosity of 4.3%, ranging from 1.23% to 8.5% (Fig.3.8a). 
The same result has been observed by permeability tensor trend (Kxx, Kyy and Kzz). The “xx” 
direction corresponds to the East direction, “yy” to the North direction, and “zz” is to the vertical one. 
Generally, the permeability is assumed to be positively correlated to the fracture porosity and, in this 
study, the DFN models show a great correlation between them (Fig.3.8). 
The Maiolica Formation show a mean permeability of about 745 along x-direction, Kxx, about 807 
Darcy along y-direction, Kyy, and about 1283 Darcy along vertical direction, Kzz. On the other hand, 
the mean permeability shown by the Calcare Massiccio Formation is about 1133 Darcy along x-
direction, Kxx, about 1226 Darcy along y-direction, Kyy, and about 1929 Darcy along vertical 
direction, Kzz. 
Furthermore, the greatest of permeability component correspond to the vertical one, kzz, for both 
formations analysed (Fig.3.7b). This is probably correlated with the greater vertical connectivity of 
facture networks than the horizontal one, guaranteed by the high fracture intensity (fracture per meter) 
and by a generally high dip of joint sets (on average about 85°). 
 
Fig.3.8. Mean trend of fracture porosity (a) and max permeability (b) deriving from computed DFN models; 
the values represented were subdivided based on Calcare Massiccio and Maiolica Formations. 
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3.6.Conclusion 
With this study, has been investigated the fracture network of two carbonate formation (Calcare 
Massiccio and Maiolica Formations), in order to define the mechanisms through the fluids circulation 
occurs within the two-main reservoir of Umbria-Marche Apennines. 
The structural analysis basis on field-data show the existent of two main joint sets, oriented at NW-
SE and NE-SW. They have a key role for ground fluid circulation, providing the main pathways that 
water make from its entry into the aquifer-system (infiltration), reaching the outlet (spring). Probably, 
this is guaranteed by the high persistence values, penetrating both bedding planes that other secondary 
sets present in the rock mass. 
On the other hand, the secondary joint sets detected have a low mean fracture length but a great 
fracture intensity (low fracture spacing); this is an important characteristic for water-storage of an 
aquifer system. 
The control exerted by the fracture network on hydraulic properties, as well as porosity and 
correspondent permeability, of outcropping carbonates was computed, by means of Discrete Fracture 
Network (DFN) modelling of representative rock volumes. 
The results of DFN models corroborate this interpretation, showing as the fracture systems are made 
of two main orthogonal fracture sets and other secondary sets, having different structural and 
hydraulic properties. So, the principal direction of fracture flow is mainly controlled by the dominant 
systematic joints. 
As a whole, the modelling performed indicates that fracture networks enhance the porosity and the 
permeability of the aquifers. 
Furthermore, the DFN models have pointed out a difference of hydraulic properties between the rock 
mass of two carbonate formations analysed. In fact, Calcare Massiccio Formation show a fracture 
porosity much greater respect to Maiolica Formation (4.3 and 1.7%, respectively), and the 
permeability values result well correlated with this trend. 
 Finally, results of this study therefore define a conceptual model to assess the fluid circulation 
and water-storage of fractured carbonate aquifers of Umbria-Marche Apennines. In fact, data reported 
in the present work document the role played by fractures on the structural and hydraulic reservoir 
properties. 
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4. Functioning of groundwater circulation in karst aquifers of umbria-marche 
Apennines 
Abstract 
The umbria-marche Apennine has a large number of karst springs that drainage the water stored by the 
carbonatic formations. The aim of this study is to understand the hydrological mechanism of groundwater 
circulation and their relation between structural and stratigraphic setting of each aquifer considered. 
Recession analysis (Master Recession Curve method) and time series analysis (auto- and cross-correlation 
functions) were applied at daily discharge to six karst springs monitored for eight years (from 2007 to 2015). 
Both the analysis highlighted the presence of two type of karst aquifers: aquifer with unimodal behavior and 
aquifers with bimodal behavior. Scirca, Vaccara, Boschetto and Bagnara springs are characterized by two 
hydrodynamic sub-regimes, where the fracture networks control the baseflow with recession coefficients of 
about 10-3 day -1 and the conduit networks control the quickflow with recession coefficients of one order of 
magnitude lower. On the contrary, San Giovenale and Capo d’acqua springs present only one hydrodynamic 
sub-regime associated to fracture networks drainage, with recession coefficients ranging from 10-3 to 10-2. 
Time series analysis confirm the results of recession analysis, showing a large memory effect (over 80 days) 
and a large response time (over 100 days), implying the dominance of the baseflow sub-regime. 
These results indicate that Maiolica Formation is characterized by high fracturation degree and a slightly 
karstification, controlling the infiltration and percolation processes, whereas Calcare Massiccio Formation 
regulate the groundwater circulation in the deeper zones of aquifer characterized by a high karstification degree 
through a rather developed conduit networks. 
4.1.Introduction 
To understand a distributive models of groundwater circulation in the karst aquifers, the definition of 
realistic hydraulic and geometric parameters is essential (Király and Morel, 1976; Király, 1998a, 
2002). Karst aquifers differ from other types of hydrogeological systems in their complex behavior 
originating from strong spatial heterogeneity and temporal variation (Kovács and Perrochet, 2008). 
These heterogeneity is linked at the hydraulic properties of through media, as low-permeability of 
rock matrix or high-permeability of conduit networks. However, in most cases spring discharge time 
series data are possible to obtain and the analysis of hydrograph recession curves is an often-used 
method in hydrological practice, providing interpretation of the characteristics and flow attributes of 
the aquifer (Bonacci, 1993; Brodie and Hostetler, 2009; Kresic and Bonacci, 2010). 
Some hydrograph analytical techniques are based on the analysis of slow hydrograph recession 
segments with use of the Maillet and Boussinesq equations (Boussinesq, 1904; Maillet, 1905). The 
deviation from the exponential trend may indicate the presence of hydraulic anisotropies and, 
therefore, highlight the close relationship between spring hydrographs and hydrostructure geometries 
(Mangin, 1975; Amit et al., 2002; Kovács et al., 2005; Fiorillo, 2014). 
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Other authors proposed to describe the recession process by employing different mathematical 
functions. Drogue (1972) describe the whole recession process by using one single hyperbolic 
formula, where the recession coefficient, α, is note equivalent to the coefficient used by Maillet 
(1905). In contrast, Mangin (1975) distinguished two processes that influence recession curves. The 
discharge from the non-saturated zone with a non-linear flood recession and the discharge from the 
saturated zone with a linear baseflow recession. 
Kovács et al. (2005) showed that recession coefficient allows to obtain important information about 
aquifer hydraulic parameters and conduit network characteristics. One main advantage of recession-
curve analysis is that a set of empirical, quantitative parameters attributed to drainage mechanisms 
can be calculated (Malík, 2007). 
Analysis of individual recession periods, sometimes, generates inconsistences related to the 
complexity of groundwater circulation and to the processes acting on the system (Giacopetti et al. 
2017). Therefore, for analyzing a set of hydrograph recessions at a particular catchment 
simultaneously, a master recession curve (MRC) is commonly used (Nathan and McMahon, 1990; 
Tallaksen, 1995; Posevac et al., 2006, 2010; Gregor and Malík, 2012; Fiorotto and Caroni, 2013). 
Malík and Vojtková (2012) performed recession curve analysis in order to evaluate the karstification 
degree and the hydrodynamic behavior of the aquifer. With given recession coefficients and initial 
discharge values, both runoff and partial runoff segments (sub-regime) can be completely described. 
In karst hydrogeology, the term “sub-regime” refers to the changing conditions of groundwater 
phenomenon, its characteristics behavior or prevailing system of natural processes which are usually 
observed in regular pattern of occurrence (Malík, 2015). 
Apart from recession analysis univariate and bivariate analyses can also be applied to analyze spring 
hydrographs. Indeed, valuable indirect information regarding karst systems can be obtained as a result 
of the time series analysis (Box and Jenkins, 1970; Yevjevich, 1972). Mangin (1984) developed a 
special methodology of study of the input-output relations in the karst aquifers, as well as auto-
correlation (univariate analysis) and cross-correlation (bivariate analysis). This methodology was 
based on the systemic approach, and it was applied and further developed by a number of authors 
(Padilla and Pulido-Bosch, 1995; Larocque et al., 1998; Panagopoulos and Lambrakis, 2006; Jemcov 
and Petric, 2009). In karst hydrogeology, auto-correlation function (ACF) of the spring discharge (Q) 
are generally used to assess the interdependence of spring discharge to evaluate the “memory effect” 
(Mangin, 1981; 1984). 
Kresíć and Stevanović (2010), whereas the cross-correlation function (CCF) methodologies is widely 
used to analyze the linear relationship between input (rainfall or snowmelt, P) and output (Q). 
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 The present work aims to characterize the behavior and the groundwater circulation of the 
Umbria-Marche karst aquifers (northern Apennines) at a regional scale. The construction of MRCs 
has been used (1) to define the mechanisms of flow path that occur within carbonate hydro-structures, 
(2) to discretize the possible sub-regimes and (3) to define the karstified degree of each karst complex 
analyzed. The statistical methods applied to time series gave information about the characterization 
of the karst systems under study, giving more emphasis to the hydro-geological interpretation of the 
functions and their relationship with the structural setting of this portion of the Apennine ridge. 
4.2.Study area 
The Apenninic chain of Central Italy is a mountain range characterized by the presence of extensive 
outcrops of thick Mesozoic limestone sequences. The study area includes a large sector that starts 
from the M. Cucco anticline and terminates with the M. Pennino anticline. 
The outcropping geological formations are mainly composed of calcareous and marly lithotypes 
(from Trias to Cretaceous in age) belonging to the Umbria-Marche Succession (Centamore and 
Deiana, 1986; Ciarapica and Passeri, 2002). 
From structural point of view, the Umbria-Marche Apennines can be considered a typical thin-
skinned thrust belt in which a hierarchy of multiple, superimposed detachments occurred over a main, 
basal detachment at the level of Triassic evaporites that acting as aquiclude. The Apenninic arch show 
a vergency towards ENE (Menichetti et al., 1991; Barchi et al., 1998) and it’s characterize by fault 
systems with N-S and E-W orientation. 
Above the evaporitic level lies the Mesozoic carbonatic sequence, where can be recognize three 
superimposed aquifers (see the hydrogeological map in Fig.4.1), having different permeabilities due 
mainly to fissures, joints and karst conduits (Boni et al., 1986; Capaccioni et al., 2001; Nanni and 
Vivalda, 2005; Boni and Petitta, 2007, 2008, 2010). Starting from the bottom can be found the basal 
aquifer of Massiccio complex, the middle aquifer of Maiolica complex and the upper aquifer of 
Scaglia complex. The “Calcare Massiccio” aquifer, with a thickness ranging between 700 and 900 m, 
represents the most important hydrogeological complex in the Umbria-Marche limestone ridge, 
where occurs the regional flow through very well-developed fissures and karst conduits. 
The Maiolica aquifer is separated from basal aquifer by a sequence (thickness ranging between 100 
and 350 m) of marls and calcareous marls of Upper Jurassic (Calcari ad Aptici, Diasprini, Posidonia, 
Rosso Ammonitico Fms.) that represents an aquiclude. This sequence locally can be substituted by 
the very thin (20-100 m) Bugarone calcareous Fm. becoming an aquitard from hydrological point of 
view. Maiolica complex has a rather thickness (200-400 m) with a karstification more limited but its 
characterized by high fracturation degree. This aquifer is overlied by the Marne a Fucoidi Fm., a low 
permeable formation that represents a regional aquiclude (Boni et al., 1986). 
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Fig.4.1. Simplified hydrogeological map of the study area at a regional scale (Northern Apennines). There are 
displayed different geological and hydrogeological elements: a stratigraphic column of a part of Umbria-
Marche stratigraphic succession from Upper Triassic to Upper Miocene; the localization of karst springs 
studied and their hydrogeological limits of recharge area. 
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Finally, above the Marne a Fucoidi Fm. there is a Scaglia aquifer complex, made up by alternances 
of limestones and marly limestones with chert nodules and ribbons (Giacopetti et al., 2017). This 
complex is characterized by a high fracturation degree and an important thickness (200-400 m) 
showing, consequently, a high storage of infiltration water. Upward the aquifer is bounded by low 
permeable clayey-marly-calcareous sequence (Scaglia Variegata, Scaglia Cinerea, Bisciaro and 
Schlier Fms), usually revealing an independent aquifer (Mastrorillo, 2001). 
80% of the groundwater resource of the Umbria-Marche hydrogeological domain surfaces from liner 
springs (Boni et al., 1986). 
Tab.4.1. General characteristics of the karst complexes and their related catchment areas. 
Karst complex Spring related Spring elev. (m a.s.l.) Recharge area (km2) 
M. Cucco Scirca 575 8.0 
M. Maggio Vaccara 468 6.2 
M. Penna Boschetto 538 11.5 
M. Penna Capo d’acqua 570 7.4 
M. Burella San Giovenale 480 10.5 
M. Pennino Bagnara 630 4.9 
The area under study, about 220 km2, includes the following main reliefs: M. Cucco (1566 m a.s.l.), 
M. Maggio (1362 m a.s.l.), M. Serrasanta (1423 m a.s.l.), M. Penna (1432 m a.s.l.), M. Burella (1095 
m a.s.l.) and M. Pennino (1572 m a.s.l.). These hydrostructure show internal karst systems connected 
to one or more spring and that own an its recharge area (Tab.4.1). 
4.3.Materials and methods 
4.3.1. Data acquisition 
It was analyzed the discharge of 6 karst springs (Scirca, Vaccara, Boschetto, Capo d’acqua, San 
Giovenale and Bagnara) monitored by ARPA Umbria (www.arpa.umbria.it) localized in umbria-
marche Apennines, with an acquisition time interval of one day. Fig.4.2 show about 8-years subset 
of the available data, that are not continuously recorded. Indeed, some gaps are present into the time 
series and the statistical analysis on the quality of datasets are represented in Tab.4.2. 
Tab.4.2. General characteristics of the time-series of the karst springs analysed.  
Karst springs Monitored period No. of all data No. miss data Time-series lag (%) 
Scirca 2007-2015 3186 107 3.4 
Vaccara 2007-2015 3097 754 24.3 
Boschetto 2007-2015 3194 246 7.7 
Capo d’acqua 2007-2015 3232 55 1.7 
San Giovenale 2007-2015 2107 180 5.8 
Bagnara 2007-2015 3240 47 1.5 
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4.3.2. Recession analysis 
Recession analysis focuses on the recession curve which is the specific part of hydrograph following 
the stream peak (and rainfall event) when flow diminishes. In this study we used the Maillet 
exponential equation (Eq.4.1) as generates good fits for analyzing hydrograph recession curves and 
accurately describes recession over long time periods (Dewandel et al., 2003; Kovács et al., 2005; 
Fiorillo, 2014): 
𝑄𝑡 = 𝑄0 × 𝑒
−𝛼𝑖𝑡           (Eq.4.1) 
Where Qt is the discharge at time t, Q0 is the discharge at time t=0, and the term 𝑒−𝛼𝑖 in this equation 
ca ben replaced by k, called the depletion constant or recession coefficient. In particular, we used the 
modified Maillet equation that it can be expressed by a sum of several exponential components that 
represent the presence of possible sub-regimes (Eisenlhor et al., 1997; Fiorillo, 2014; Forkasiewicz 
and Paloc, 1967; Ghasemizadeh et al., 2012; Tallaksen, 1995): 
𝑄𝑡 = ∑ 𝑄0𝑖 × 𝑒
−𝛼𝑖𝑡𝑛
𝑖=1          (Eq.4.2) 
Where i represents the media i in the aquifer, Q0i represents the discharge of media i at t=0, and n 
represents the number of sub-regimes or flow components. Karst aquifer can always be divided into 
different sub-regimes, based on the different hydraulic conductivities of media (White 2003; 
Ghasemizadeh et al., 2012; Katsanou et al., 2015). Therefore, the modified Maillet equation can be 
written as: 
𝑄𝑡 = 𝑄𝑞 × 𝑒
−𝛼𝑞𝑡 + 𝑄𝑏 × 𝑒
−𝛼𝑏𝑡        (Eq.4.3) 
Where Qq and Qb are the initial discharges, and αq and αb are the recession coefficients of the 
quickflow and baseflow, respectively. 
Analyzing the hydrographs of each karst system (Fig.4.2) can be showed as the recession curves not 
exhibit the same trend within the time series analyzed, making impossible to use a single interpolating 
curve for understand each karst system. Therefore, a separation technique to divide the curve into 
multiple segments with different slopes is needed. The Master Recession Curve methodology enables 
to work simultaneously with numerous recession periods, making negligible the influence exerted by 
precipitation and obtaining realistic parameters of each karst system. 
The MRCs were calculated using the open source software RC 4.0 of the HydroOffice (Gregor and 
Malík, 2012), applying the manual method tool to create the graphical analysis and to divide into 
different segments having homogeneous trends, thereby enabling separate analysis. The conceptual 
model applied is that of a linear reservoir (Boussinesq, 1877; Maillet, 1905) that follow the 
exponential recession function of Maillet showed above. 
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4.3.3. Time series analysis 
ACF evaluates of a time series quantifies the linear dependency of successive values over a specified 
time period (lag time) (Mayaud et al., 2014) and can be written as follow (Eisenlohr et al., 1997; 
Laroque et al., 1998): 
 For 𝑘 > 0, 
𝐶(𝑘) =
1
𝑛
∑ (𝑥𝑡 − ?̅?)
𝑛−𝑘
𝑡=1 (𝑥𝑡+𝑘 − ?̅?)        (Eq.4.4) 
𝑟(𝑘) =
𝐶(𝑘)
𝐶(0)
           (Eq.4.5) 
where 𝑟(𝑘) is the auto-correlation function, 𝐶(𝑘) is the correlogram, 𝑘 is the time lag (𝑘 = 0 to 𝑚), 
𝑛 is the length of the time series, 𝑥𝑡 is the value of the studied variable at time 𝑡, and 𝑚 is the cutting 
point (Box et al., 1994). The cutting point determines the interval within which the analysis is 
conducted. The correlogram outlines the “memory effect” of a system (Mangin, 1981, 1984; Mangin 
and Pulido-Bosch, 1983; Eisenlohr et al., 1997), i.e. the time needed for the system to “forget” its 
initial conditions and corresponds at the lag time required for the ACF to reach 0.2 (Katsanou et al., 
2015; Lo Russo et al., 2014; Mayaud et al., 2014). 
The CCF is used to examine the dependence of output series 𝑦 (discharge) on the input series 𝑥 
(precipitation) and can be calculated by follow equation (Padilla and Pulido-Bosch, 1995): 
 For 𝑘 > 0, 
𝐶𝑥𝑦(𝑘) =
1
𝑛
∑ (𝑥𝑡 − ?̅?)
𝑛−𝑘
𝑡=1 (𝑦𝑡+𝑘 − ?̅?)       (Eq.4.6) 
𝑟𝑥𝑦(𝑘) =
𝐶𝑥𝑦(𝑘)
𝜎𝑥𝜎𝑦
          (Eq.4.7) 
where the 𝑘 is the time lag; 𝑛 is the length of time series; 𝑥𝑡 and 𝑦𝑡 are input and output time series, 
respectively; 𝑟𝑥𝑦(𝑘) is the cross-correlation function; 𝜎𝑥 and 𝜎𝑦 are the standard deviations of the 
time series and 𝐶𝑥𝑦(𝑘) is the cross-correlogram (Box et al., 1994). 
Both of ACF and CCF are analyzed in correlograms. The steep slope in the correlogram means a fast 
response of the aquifer to the rainfall and indicates a higher karstification degree. The results can be 
compared with the recession coefficients estimated by hydrograph analysis. 
4.4.Results 
4.4.1. Discharge time series description 
The monitoring in the fields provides the time series of daily average discharge of six springs for 
about eight years, from 2007 to 2015. The hydrographs in Fig.4.2 show as the springs are reactive, 
i.e., that the discharges vary after a rainfall event throughout the year, but the response of each springs 
reflects the spatial distribution permeability of each aquifer and their hydrogeological characteristics 
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(Delbart et al., 2016). The amplitude of the discharge variations depends both by the recharge areas 
size that by the porosity and heterogeneity characteristics of karst reservoir. 
 
Fig.4.2. Discharge time series of the umbria-marche karst springs (data from ARPA Umbria). 
Scirca spring is located in SW limb of the M. Cucco anticline, at 575 m a.s.l. The catchment area of 
spring is about 8 km2 and discharge an average of 214.9 l/s, in accord with Menichetti et alii (1988). 
Time-series of Scirca karst spring is rather continuous and the hydrograph pass from quick- to base-
flow conditions generally during the early summer period with a corresponding fast decreasing of 
water level.  
The SW limb of M. Maggio drains the water of Vaccara spring at an elevation of 468 m a.s.l. The 
spring discharge meaning about 119 l/s and has a larger recharge area of 6.2 km2. The time-series is 
not rather complete (24% of miss data), the lack of data acquisitions was due to instrumental errors. 
Spring hydrograph show a very fast response to recharge events and the passages from quick- to base-
flow during dry periods is rather clear. 
The hydrograph for Boschetto spring was very similar to that for Vaccara spring, with a clear 
distinction between the base-flow and quick-flow regimes. This karst spring is located on M. Penna 
at 538 m a.s.l. and discharge a mean of about 185 l/s, that is about 65 l/s more than Vaccara spring 
but is justified by the largest recharge area of Boschetto spring (about 11.5 km2). 
Capo d’acqua spring is located on the same hydrostructures of Boschetto spring but drains the water 
on the other side (NE limb of M. Penna). This karst spring has an average discharge of 94.2 l/s and 
its doesn’t show a clear passage from quickflow to baseflow regime because the discharge response 
after infiltration input is very delayed. The catchment area estimated is about 7.4 km2. 
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San Giovenale spring drains the higher amount of water than all other karst systems of this study, 
with an average of 394.7 l/s. The recharge area estimate is about 10.5 km2 and the karst system show 
the same behavior of Capo d’acqua spring. Differences between quick- and base-flow regime are not 
observed and the decrease of water level is very slow and delayed. The high average discharge of San 
Giovenale spring is not justified by the recharge area. Probably, this karst system is supplied by 
groundwater flows of a non-negligible extent coming from Colfiorito plain (Mastrorillo et al., 2009) 
The hydrograph of Bagnara spring show intermediate characteristics between those of Scirca, 
Vaccara and Boschetto, and those of San Giovenale and Capo d’acqua. Indeed, this karst aquifer 
show about fast response to the infiltration input through the quickflow regime and a slow decrease 
of discharge during the baseflow regime. This behavior indicates a very marked spatial heterogeneity 
of porosity distribution along the aquifer. 
Thus, Scirca, Vaccara, Boschetto and Bagnara springs show a quick response to a rainfall event 
showing steep peaks followed by rapid decrease of water level. This behavior is characteristics for 
all the karst systems that have a well-developed network of fractures and conduits. On the other hand, 
San Giovenale and Capo d’acqua springs show a delayed response after rainfall events, with a slow 
decrease of discharge on time. This behavior is showed by poorly-developed karst systems, where 
groundwater circulation occurs through matrix and fractures networks. 
4.4.2. MRCs analysis 
Recession-curve analysis was performed on hydrographs from six karstic springs located in the 
umbria-marche Apennines. Different shapes of the spring’s recession are attributed to drainage from 
different components of the groundwater system, reflecting karstification degree (Malík, 2007). 
It was used the Master Recession Curve methodology that enables to work simultaneously with 
numerous recession periods (Fig.4.3), making negligible the influence exerted by precipitation and 
obtaining an average value representative of the recharge area (Giacopetti et al., 2017). 
The change in the slope of the recession curve has been attributed to the heterogeneity of the aquifer 
(Riggs, 1964; Petras, 1986), whereas recession curves that can be expressed by one exponent 
represent homogeneous conductivity and storage properties. Therefore, recession analysis using 
MRC methodology has allowed to identify two groups with a different hydraulic behavior, 
distinguishing the karst aquifers having a unimodal behavior (observation of one sub-regime) from 
the karst aquifers having a bimodal behavior (observation of two sub-regime). All the karst springs 
analyzed show a good fit with exponential equation of Maillet (1905), indicating how the conceptual 
model more appropriate is that of a linear reservoir (Boussinesq, 1877; Maillet,1905). 
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Recession-curve analysis was conducted on records of 8 years, resulting about 7 intervals (individual 
recessional discharge sets). This partial recession-curves records were assembled to create a master 
recession curve of each spring (Fig.4.3 and Fig.4.4). 
Tab.4.3 and Tab.4.4 present the recession coefficients, discharge range, duration of sub-regime of 
measured recession curves and the number of assembled individual recessional discharge successions 
for creation of a MRC of each spring. 
attributed to drainage from different sub-regimes of the groundwater systems (Malìk and Vojtková, 
2012). 
 
Fig.4.3. Master Recession Curves of karst springs with bimodal behaviour. (a) Scirca spring; (b) Vaccara 
spring; (c) Boschetto spring and (d) Bagnara spring. 
For the Scirca, Vaccara, Boschetto and Bagnara springs, the results showed significant values for 
curve separation in two segments characterized by a different recession constant values (Fig.4.3), 
Indeed, the values of recession coefficients of quickflow sub-regimes (αq) are rather high coming up 
from 0.015 d-1 (Bagnara spring) to 0.1 d-1 (Boschetto spring). Accord to Amit et alii (2002) the 
exponential term with the largest slope represents the rapid depletion of flow channels with highest 
hydraulic conductivity. 
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Tab.4.3. Characteristics of recession curve of karst springs with bimodal behaviour and their related sub-
regime (baseflow and quickflow); (a) Scirca spring, (b) Vaccara spring, (c) Boschetto spring and (d) Bagnara 
spring. 
Spring 
No. of recession 
segments 
Qb (l/s) αb (d-1) tb (day) Qq (l/s) αq (d-1) tq (day) 
Scirca 8 180 0.0060 225 220 0.025 150 
Vaccara 7 90 0.0053 200 220 0.080 60 
Boschetto 7 180 0.0065 200 650 0.100 50 
Bagnara 6 120 0.0085 300 180 0.015 200 
The transition to quickflow to baseflow occurs after 150 and 180 days in Scirca and Bagnara (Fig.4.3a 
and 4.3.d) springs respectively, indicating as the fast drainage is the dominant component for most 
of the years. On the contrary, baseflow sub-regime is the dominant component of Vaccara and 
Boschetto springs, with a sub-regime transition that happens about 30 and 50 days in Boschetto and 
Vaccara springs (Fig.4.3b and c), respectively. The parameters of these springs reflect the structural 
properties of its karst aquifer, as karstification degree, fracture networks and conduit networks. 
 
Fig.4.4. Master Recession Curves of karst springs with unimodal behaviour. (a) Capo d’acqua spring and (b) 
San Giovenale spring. 
Capo d’acqua and San Giovenale springs presents a unimodal behavior because their MRCs are 
expressed by one exponent (Fig.4.4). This means that the karst systems are characterized by 
homogeneous conductivity and storage properties. 
The recession coefficients point out the difference between the two springs considered. In fact, Capo 
d’acqua spring has a recession coefficient of 0.0074 d-1, a value having the same order of magnitude 
of baseflow recession coefficients of karst springs with bimodal behavior previously shown. The 
exponential term with a small slope corresponds to the slow depletion of the flow network with low 
hydraulic conductivity (Amit et al., 2002). 
On the contrary, the recession coefficient of San Giovenale springs (0.0115 d-1) is very similar to 
values of quickflow components of karst springs with a bimodal behavior. 
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Recession period estimated by MRC method is 200 days for both karst systems (Tab.4.5). The 
difference between two aquifers is represented by dominant component (quickflow and baseflow sub-
regime); indeed, Capo d’acqua spring is dominated by baseflow sub-regime, where the drainage is 
linked to matrix and fracture networks porosity. San Giovenale spring is a quickflow dominated sub-
regime, characterized by a fast decrease of water level through fracture and conduit networks. 
Tab.4.4. Characteristics of recession curve of karst springs with unimodal behaviour. 
Spring No. of recession segments Q (l/s) α (d-1) tr (day) 
Capo d’acqua 4 145 0.0074 200 
San Giovenale 6 380 0.0115 200 
4.4.3. Time-series analysis: autocorrelation and cross-correlation 
a. Autocorrelation function (ACF) 
The autocorrelation functions treatment quantifies the linear dependency of successive values over a 
time period and outlines the memory of the system (Delbart et al., 2016) and the values estimated are 
shown in Tab.4.5. The correlogram of each spring for daily time series are shown in Fig.4.5. 
The correlogram of Scirca spring shows a rapidly and regular slope of ACF, reaching rk=0.2 after 80 
days. The shape of autocorrelation functions and the high memory effect imply a significant storage 
capacity, probably linked to well-developed fractures network. 
ACF of Vaccara spring underline the bimodal behaviour, with a rapidly decrease in the first days (10 
days), associated at the quickflow sub-regime, followed by a slope much more slowly that reach a rk 
value after 90 days, linked to a baseflow sub-regime. 
In the case of Boschetto spring, the decrease of the autocorrelation function is uneven and two discrete 
components can be distinguished. The first one drops quickly within about 20 days while the second 
decrease more slowly and reaches the rk=0.2 after 89 days, indicating a strong duality of this karst 
systems. Bagnara spring show a very slowly decrease of ACF with no step. The memory effect 
estimated is high value of about 121 days, showing a higher storage capacity and high potential 
filtering of this karst systems. 
The correlogram of the discharge of Capo d’acqua spring display a regular decrease of slope of ACF 
that reach the rk=0.2 at the same time lag of other system seen so far (90 days), showing a prevalence 
of baseflow component probably linked to fractured matrix. 
ACF for the flow rates at San Giovenale spring diminish very slowly when the time lag increases. 
This karst system shows a memory effect of 150 days, presenting a great inertia and indicating as the 
aquifer and the part of drainage by the systems have a large storage capacity which is emptied over a 
long period of time. 
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Fig.4.5. Auto-correlation functions of karst springs analysed; (a) Scirca spring, (b) Vaccara spring, (c) 
Boschetto spring, (d) Capo d’acqua spring, (e) San Giovenale spring and (f) Bagnara spring. 
b. Cross-correlation functions (CCF) 
The delays between inputs and outputs are useful in the regional study of a karst aquifer because they 
give an estimation of the variation of the pressure pulse transfer times and of the particle travel times 
through the aquifer (Panagopoulos and Lambrakis, 2006). The delays constitute an important 
information for the modelling of the aquifer and indicate the karstification degree of a karst system. 
The CCF between rainfall and discharge time series for each spring are shown in Fig.4.6. and the 
relative parameters (maximum cross-correlation coefficients and their related time lag) of time-series 
analysis are indicated in Tab.4.5. The cross-correlograms show a rxy(k) values rather low (between 
0.18 to 0.27). This indicate that the precipitation signal is significantly reduced between its entry in 
the system and the time when it reaches the water table through the unsaturated zone (Panagopoulos 
and Lambrakis, 2006). 
Cross-correlograms of Boschetto, Scirca and Vaccara springs are composed by a sharp peak (0.27, 
0.24 and 0.18, respectively), that diminishes rather rapidly in the first days, showing a response times 
very short (2 days for Boschetto and Vaccara springs and 13 days for Scirca spring). Subsequently, 
the CCF gradually decrease with a gentle slope for about 50 days. This shape indicates a duality of 
the karst aquifers with a transmissive function described by the sharp peak and a capacitive function 
distinguished by a slow decrease (Delbart et al., 2016). 
Cross-correlation functions of Capo d’acqua, San Giovenale and Bagnara springs show a unimodal 
trend much more regular then springs previously seen. In fact, CCF decrease rather slowly with a 
gentle slope where the mean delay of the response is hardly appreciable with cross-correlation 
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coefficients ranging between 0.18 to 0.20; this case would correspond to that of a very slightly 
karstified system, similar to a porous medium, in which there is no quickflow. 
 
Fig.4.6. Cross-correlation functions of karst springs analysed; (a) Scirca spring, (b) Vaccara spring, (c) 
Boschetto spring, Capo d’acqua spring, (d) San Giovenale spring and (e) Bagnara spring. 
The response times of these karst systems result of 39 days for Bagnara spring, 74 days for Capo 
d’acqua spring and 119 days for San Giovenale spring. These results indicate a gradational emptying 
of hydric system to which correspond a large storage capacity that regulates the input flow (baseflow 
sub-regime). 
Finally, at both Boschetto and Bagnara springs a series of peaks in the CCF were observed after the 
first peak (64, 142 and 201 days for Boschetto spring, 68, 145 and 232 days for Bagnara spring). It 
might appear that these were caused by one or more other flow components within the same aquifers. 
The response to this behaviour must be sought in the slight control exercised by the system on the 
input function. 
Tab.4.5. Time series analysis parameters: system memory effect, maximum discharge/rainfall cross-
correlation coefficient and time lag for maximum cross-correlation coefficient (Q discharge). 
Karst springs Memory effect (days) Cross-correlation coef. Time lag (days) 
Scirca 80 0.24 13 
Vaccara 90 0.18 2 
Boschetto 89 0.27 2 
Capo d’acqua 90 0.18 74 
San Giovenale 150 0.18 119 
Bagnara 121 0.20 39 
  
Chapter 4 
59 
 
4.5.Discussion  
Recession coefficient is one of the most important parameter that reflect the aquifer characteristics. 
In this study it was applied the Master Recession Curve method on the recession periods which are 
mainly controlled by the rate of decline in water table (Mohammadi and Shoja, 2014). Different 
recession coefficients reflect the flow regimes with different hydraulic conductivities (Bonacci, 
1993). Therefore, the recession coefficient was always used to identify the structural properties 
(matrix, fractures and conduit networks) and the karstification degree of a karst aquifer (Bailly-Comte 
et al., 2010; Ghasemizadeh et al., 2012; Katsanou et al., 2015; Malík and Vojtková, 2012; Padilla et 
al., 1994; White, 2003). 
Applying the MRC methods on the six springs it allowed to define two main structural types of karst 
systems (heterogeneity of aquifers): systems with a unimodal behavior (characterized by a single flow 
component, αb) and systems with a bimodal behavior (characterized by two flow components, αq and 
αb). The number of the flow phases mainly depends on the degree of karstification (Fu et al. 2016). 
The recession analysis (illustrated in the equation of Fig.4.7) show different groups of karst system. 
The bimodal aquifers have a mean value of recession coefficients during the quickflow sub-regime 
of about an order of magnitude higher then recession coefficients estimated during the baseflow 
condition. The MRCs displaying values between 5.3·10-3 (αb of Vaccara spring) to 0.1 day-1 (αq of 
Boschetto spring). This, in agreement with Mangin (1975) and Amit et alii (2002), confirm the 
presence of two types of flow (fast and slow) verified by the two main slopes of the recession curve. 
The exponential term with the largest slope, αq, represents the fast depletion (quickflow sub-regime) 
of flow channels with the high transferring capacity. The largest α-value is probably a measure of the 
degree of fracturing and intrakarst connectivity (Amit et al., 2002). 
Capo d’acqua and San Giovenale springs (unimodal karst systems) present only one type of flow 
having very different values. In fact, Capo d’acqua was characterized by an exponential term with 
small slope, about 7.4·10-3 day-1 (analogue value of the bimodal aquifers during the baseflow 
conditions), whereas San Giovenale shows a depletion coefficient of 1.15 ·10-2 day-1, that is a lowest 
value but with the same magnitude of bimodal aquifers under quickflow sub-regime. Therefore, the 
drainage of Capo d’acqua spring happens as diffusive flow in low hydraulic conductivity conditions, 
probably controlled by a dense fracture networks in the rock matrix. On the other hand, the discharge 
of San Giovenale spring occurs in intermediate flow conditions (diffusive-turbulent) through a well-
developed fracture networks with possible presence of karst conduit of limited extent. 
The analysis emphasizes the role the role of structural geological setting, revealing a net demarcation 
between the dominantly calcareous cores of anticlines, surrounded by the impermeable Marne a 
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Fucoidi belt and containing more or less extensive basal aquifers in accord with Mastrorillo and 
Pettita (2014). 
In according to Malìk and Vojtková (2012), a summary of the equations describing discharge and the 
relative karstification degree estimated using a 10-degree scale, from the six springs analyzed is 
shown in Tab.4.6. 
Boschetto and Bagnara springs show a karstification degree of 4.0, a value little higher of Scirca and 
Vaccara springs with a karstification degree of 3.7. These karst springs are characterised by aquifers 
with irregularly developed fissure network, with majority of open microfissures, probably associated 
to shallow infiltration zones (upper portion of aquifer) mainly characterized by drainage of Maiolica 
complex. Also, it’s very likely the presence of karst conduits of limited extent in the basal portion of 
aquifer linked to drainage of the Massiccio complex, where the karstic processes are very common. 
In extreme cases, even short-term turbulent flow might occur in this type of rock environment. From 
geological point of view, these aquifers are characterized by a hydraulic connection between the 
Massiccio complex and overlying Maiolica complex (Fig.4.7). 
Tab.4.6. Characteristics of karstification degree in recharge area of springs according to recession curves 
parameters (after Kullmann, 2000; Malík, 2007; Malík and Vojtkova, 2012). 
Spring Characteristics of recession curve parameters Karstification degree 
Scirca αb>0.0043 and αc<0.060 3.7 
Vaccara αb=0.0041 to 0.018 and αc=0.055 to 0.16 4.0 
Boschetto αb=0.0041 to 0.018 and αc=0.055 to 0.16 4.0 
Bagnara αb>0.0043 and αc<0.060 3.7 
Capo d’acqua α>0.007 2.3 
San Giovenale α>0.007 2.3 
Capo d’acqua and San Giovenale springs show a single exponential flow component with a values of 
recession coefficient (α>0.007) to which is associated a karstification degree of 2.3 (much lower than 
karst aquifers with duality of discharge). Based on this value of karstification degree, Malík and 
Vojtková (2012) describe the karst systems characterized by a recharge area with tectonics faults 
filled with crushed material with higher permeability and lower buffering capability in relation to 
discharge. As shown in Fig.4.7, the water discharged by Capo d’acqua and San Giovenale springs it 
is drained by only Maiolica complex. These aquifers are inferiorly confined by Upper Jurassic marls 
and calcareous marls that represent an aquiclude. Maiolica complex, as well as the basal aquifer, can 
be characterized by a karst network, even though less developed. Moreover, the Capo d’acqua and 
San Giovenale systems are characterized by shallow aquifers, where the drainage is controlled almost 
exclusively by fractures networks. 
Hence, in terms of regional hydrogeology, the Umbria-Marche carbonate domain has a generally 
deeper groundwater flowing through the hydrogeological complexes consisting of the Calcare 
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Massiccio, Corniola and Maiolica Formations (Boni et al., 2005). Furthermore, the structural 
geological and geomorphological conditions favoured the emplacement of a drainage network 
transversal to the axes of the carbonate ridges (Centamore and Micarelli, 1991). 
 
Fig.4.7. Geological sketch of flow dynamic into carbonate hydrostructures: geological cross-section, graphics 
of recession curves (MRC analysis) and their relative equations that describe the discharges of karst springs. 
Employing the daily time series data of each springs, the interpretation of auto-correlation and cross-
correlation functions supplied a valuable tool in the study of these karst systems, although the 
respectively analysis have not shown the same results, because the two hydrodynamic systems 
(bimodal and unimodal behaviour) have not been recognized in some cases. 
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The shape of auto-correlation functions (Fig.4.5) shows a regular correlograms in most cases. Only 
Vaccara and Boschetto spring present a sharp drop of the ACF in the first 10-20 days and a second 
component with much gentler slopes, showing a decorrelation time of about 90 days, confirming the 
bimodal behaviour in accord with results of recession analysis. 
This suggesting the existence of an appreciable quickflow component in the first days, linked to karst 
conduits that quickly drain the aquifer after a rainfall event, and the dominant baseflow sub-regime 
in the next days, controlled by emptying of fracture networks. 
On contrary, the univariate analysis of Scirca and Bagnara springs do not reflect the duality of karst 
systems point outed by recession analysis. The auto-correlation functions shown a regular and very 
gentle slope with a decorrelation time of 80 days for Scirca spring and 121 days for Bagnara spring. 
The memory effect is therefore rather high for both systems in which the baseflow component should 
prevail greatly (Pulido-Bosch et al., 1995). 
On the other hand, also the correlograms of San Giovenale and Capo d’acqua springs are in agreement 
with the recession analysis, presenting one flow hydrodynamic component (unimodal behaviour). 
The time lag of Capo d’acqua spring shows a similar value to those seen so far and it’s about 90 days. 
Considering the small recharge area and the limited thickness of Capo d’acqua aquifer, the karst 
system is characterized by only flow component under baseflow condition and it is associated with a 
low karstification degree.  
The auto-correlation function of San Giovenale spring presents the higher memory effect of all karst 
systems analysed, reaching rk=0.2 after about 150 days. The great inertia indicates a low karstification 
degree and, consequently, a large storage capacity of the system. From hydrogeological point of view, 
the aquifer is characterized by a large recharge area (6.6 km2) and a thickness rather limited (Fig.4.7d) 
due to drainage that occurs only into Maiolica complex. 
Analysis of cross-correlation functions reflect approximately the same results obtained by recession 
analysis and partially by the auto-correlation analysis, though the coefficients estimated between 
spring discharges and rainfall events are rather low (0.18-0.27). In fact, the CCF of Scirca, Vaccara 
and Boschetto springs demonstrate a bimodal character, showing a discrete peak appears with a delay 
of few days. This can be interpreted as a rapid response of the aquifer to a rainfall occurrence. 
On the contrary, the CCF of Capo d’acqua, San Giovenale and Bagnara springs show a long 
impulsional response, which exceed 200 days, and with a delay rather highs ranging from 39 days 
(Bagnara spring) to 119 days (San Giovenale spring). This indicates the powerful memory of the 
systems and the dominance of baseflow at the expense of quickflow. 
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4.6.Conclusion 
In order to define the characteristics of groundwater circulation into carbonate hydrostructures of 
Umbria-Marche Apennine were analysed the discharge time-series of six karst springs, from 1 
January of 2007 to 31 December of 2015 (8 years), using different methodological techniques (MRC 
“master recession curve” analysis, ACF “auto-correlation function” analysis and CCF “cross-
correlation analysis”). 
The karst aquifers analysed simulate the drainage as a linear reservoir conditions where the discharge 
follow the exponential form of modified equation of Maillet, though not all systems show the same 
structural properties. In fact, can be observe two types of aquifers: karst aquifer having a bimodal 
behaviour and karst aquifer having unimodal behaviour. These substantial differences can be 
attributed to structural and geological settings of a single hydrostructures that reflects the different 
components of groundwater systems (Bonacci, 1993). 
More in detail, the discharges of Scirca, Vaccara, Boschetto and Bagnara springs are characterized 
by two hydrodynamic sub-regimes (bimodal behaviour), where the fracture networks and 
microfissures (rock matrix) control the slow drainage (baseflow sub-regime) with a αb of about 10-3, 
and the conduits networks control the fast drainage (quickflow sub-regime) with a αq of one order of 
magnitudes lower than that of the matrix. This indicate a certain karstification degree (3.7-4 in accord 
to classification of Malík and Vojtková, 2012), in which a conduit networks of limited extent 
characterized by few interconnected systems and surrounded by a fractured rock mass irregularly 
developed with fissures rather opened. These karst aquifers are characterized by the 
hydrostratigraphic contact between Maiolica complex and Massiccio complex. 
On the contrary, Capo d’acqua and San Giovenale present a unimodal behaviour, showing a single 
exponential flow component with values of recession coefficients lower than other karst systems 
previously seen. This is easily understandable because the groundwater circulation happens only 
within the Maiolica complex, where the karst is scarcely developed and the water moves through a 
fracture networks (Angelini and Dragoni, 1997). 
Both auto-correlation and cross-correlation functions show approximately the same results of 
recession analysis. Indeed, bimodal aquifers show a steep slope in short lag time (2-13 days) followed 
by a gentle slope, whereas the unimodal aquifers show a quite uniform decrease with high values of 
delay times. Besides, the CCF and ACF highlighting large memory effect (over 80 days) and a large 
response time (over 100 days), implying the dominance of the baseflow sub-regime. This indicate a 
great inertia showing how the aquifers filters the information contained in the rainfall event very well. 
Consequently, the karst systems analysed underline the large storage capacity (very important from 
the water management) and the character of attenuation. 
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Taking into consideration the above results, we conclude that the structural and hydrogeological 
setting influence the structural properties of aquifers and, consequently, the groundwater circulation 
within the Apenninic carbonate sequence. 
The hydrostructures characterized by the Maiolica complex present a high fracturation degree and a 
rock mass slightly karstified, controlling mostly the infiltration and percolation processes. Here, 
groundwater circulation happens within fracture network and the discharge is dominated by baseflow 
sub-regime, probably with a Darcian flow, making hiring a unimodal behaviour at the reservoir. 
On the other hand, the aquifers that involving Massiccio complex present a higher karstification 
degree, through which regulate the water circulation with different flow components. This complex 
is interested by a conduits networks rather developed, especially in the deeper zones of aquifers, that 
are responsible of quickflow sub-regime and, therefore, the dual behaviour. 
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5. Hydrological and geometrical characterization of a karst aquifer using 
relationship between fractured rocks and spring discharge: an example of 
karst basin in Umbria-Marche Apennine (central Italy) 
Abstract 
Karst aquifer are characterized by a strong heterogeneity in their physical properties. The purpose of the study 
is to understand the relationship between spring discharge and structural setting of a karst aquifer located in 
the umbria-marche Apennine (central Italy) in order to define the geometrical and hydrological properties. It 
was investigated recession curve of a karst spring on about 3 years (from January 2013 to October 2015) using 
the modified equation of Maillet. The variability of recession coefficients during dry periods seems to be linked 
at variation of porous media, where the quickflow is controlled by conduits with a recession coefficient of one 
order of magnitude higher than baseflow (controlled by fracture networks). The conduits drain 31,6% of total 
volume discharged during recession period in about 25 days. Besides, the ꞃeff calculated for the total aquifer 
is 1,65%, of which 90,3% was attributed at fracture networks and the 9,7% remaining was attributed at 
conduits. This suggest that the conduits network is poorly branched and there are a few systems, but with large 
sizes and well interconnected, localized in the basal portion of aquifer. Saturated water storage estimated is 
7425 mm for the total aquifer. Therefore, the maximum water that aquifer can store is about two times of the 
average effective infiltration estimated on the whole karst basin (of about 3859 mm/y), indicating that karst 
aquifer has a high potential for water supply. Structural survey shows main sets of discontinuities are oriented 
at NW-SE and SW-NE. This indicate that the directions of main development karst conduits network, in the 
basal aquifer, follow the same orientations of main sets of discontinuities. The geometrical setting gives an 
echelon shapes, with sub-vertical wells connected at sub-horizontal planes. 
5.1.Introduction 
Karst systems are characterized by a highly heterogeneous structures, leading to complex 
underground stream flows that are neither fully observable nor accurately measurable. Furthermore, 
the insufficient data on conduit network geometry entails difficulties in the characterization and 
modelling of groundwater dynamic. 
Therefore, an aquifer drainage system can be characterized by an impulse function that transforms 
the input (e.g. rainfall or snowmelt) into variations in spring hydrograph responses. 
Karst aquifers and springs have been extensively studied by hydrographs analysis, which are often 
used to providing an interpretation of the characteristics and flow attributes of the aquifer obtaining 
some hydraulic parameters (Mangin, 1975; Bonacci, 1993; Padilla et al., 1994; Fiorillo, 2011; Kresic 
and Bonacci, 2010). 
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Numerous equations were used to calculate this parameter (Boussinesq, 1877; Maillet, 1905). In 
general, the recession coefficient varies directly with the hydraulic conductivity but inversely with 
the aquifer storativity (Bonacci, 1993; Fiorillo, 2014; Katsanou et al., 2015). 
For the aquifer structure, the karst aquifer behaves as a dual-flow system consisting of highly 
conductive conduits and a relative low permeability fractured rock matrix with high significant 
storage (Ford and Williams, 2007; White, 2003). Groundwater flow in such aquifer types 
differentiates from the respective one in porous media due to the fact that the flow velocity is related 
to a network of high-velocity drains (quickflow) within a slow-velocity matrix (baseflow, Atkinsson, 
1977). This is represented by different recession coefficients, which reflect the flow regimes with 
different hydraulic conductivities (Bonacci, 1993). 
The conduit network is an important part of the karst aquifer and has very different characteristics 
with the surrounding matrix. It is always the main drainage passage and connects to the spring directly 
in the karst aquifer for its high hydraulic conductivity (Chang et al., 2015). 
Therefore, the recession coefficient was always used to describe the development of the conduit 
network with high hydraulic conductivity, and also to identify the karstification degree of an aquifer 
(Bailly-Comte et al., 2010; Ghasemizadeh et al., 2012; Katsanou et al., 2015; Malìk and Vojtkovà, 
2012; Padilla et al., 1994). 
Kovàcs et alii (2005) provided two main flow regime. Stevanovic et alii (2010) outlined how, despite 
the prevalence of conduits, some large reservoir systems, due to large saturated karstified volumes, 
may have slow reaction and drainage. 
Most of the descriptions were qualitative. However, the quantification of the effective porosity (ꞃeff) 
and water storage capacity for each hydraulic conductivity media may be more valuable in 
understanding the aquifer characteristics (Amit et al., 2002; Li, 2009). 
It has been found that the recession coefficient has positive a high correlation with discharge at the 
beginning of the recession period. 
In the study of functioning of a karst system is essential to consider the structural and geological 
setting of rock mass constituent the reservoir, as spatial orientation of main discontinuities, fracture 
degree and main structure linked to local tectonic. 
The influence that fractures exert on fluid flow through rocks (Engelder and Scholz, 1981; Sibson, 
1996; Eichbul et al., 2004) makes genetic and structural studies of fracturing relevant to geologist. 
Fracture networks can control the infiltration, percolation of groundwater and the karstification 
degree of rock mass. 
Permeability of shallow aquifer can be considered relatively low and it is mainly linked to primary 
and secondary porosity of rock mass, i.e. at syngenetic voids and, specially, to the discontinuities 
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(joints, faults and bedding planes). Primary porosity of matrix media can be neglected because 
syngenetic voids are poorly connected together. Therefore, fractures and bedding planes are 
considered the main flow pathway of fluids, which they are conveyed from upper portion of aquifer 
(infiltration domain) to basal portion (conduit domain) until the spring outlet. 
The purposes of this study were to define the geometry and hydrogeology of a karst aquifer 
located in northern Apennines, through:  
(1) interpretation of the spring hydrographs using the Maillet modified equation; 
(2) characterization of the structural properties of fractured rock in order to define their effective 
porosity and the associated main direction of karst conduits in the basal aquifer; 
(3) estimation of the proportion of water storage capacities of aquifer components (conduits and 
fractures) using the quantitative relationship between recession coefficients and effective porosity 
proposed by Fiorillo (2011, 2014). 
5.2.Study area 
5.2.1. Geographic, morphologic and climatic context 
The studied area (43°32'53.97"- 43°31'58.11"N, 12°31'21.60"- 12°32'32.90"E) is located in a SW 
limb of M. Nerone anticline, in the northern sector of the Umbria-Marche Apennines (Central Italy).  
The studied system consists in a small karst basin with an area of about 3,9 km2 and its characterized 
by a fractured carbonatic sequence. From a morphologic point of view, the karst basin is characterized 
by steep slopes, of which the altitude varies between 660 m asl. and 1450 m asl, where a tight valley 
is interposed by several topographic hill (Fig.5.1). 
 
Fig.5.1. Panoramic view of a part of the Giordano karst basin in the SW limb of Mt Nerone anticline.  
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This area has a typical subcontinental climate, characterized by a dry and warm summers, and wet 
and cold periods occurring during winter. Monthly rainfall reaches its highest annual peaks during 
November and March, while the minimum annual values are recorder during June-August. In the 
high-elevation zones (above 1000 m a.s.l.) snow can accumulate for several weeks during winter, 
providing a time-shift of the infiltration processes. 
Fig.5.3a shows the rainfall and temperature distribution in the studied area with the related values of 
evapotranspiration and runoff. The annual rainfall ranges from 1266,8 mm/y to 1710,2 mm/y, with 
an average of 1534 mm/y and with annual atmospheric temperatures from 11,1 °C to 11,9 °C, with 
an average of 11,5 °C. The average evapotranspiration, calculated with a Thornthwaite’s method 
(Thornthwaite, 1957), resulting about 680 mm/y while the mean runoff estimated is about 854 mm/y.  
 
Fig.5.2. Geographic location and geological-hydrogeological map of the Giordano karst basin. 
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5.2.2. Geologic, hydrogeologic and hydrologic context 
The study area is located in the SW flank of M. Nerone anticline, an antiformal structure with an axis 
elongated NW-SE (Northern Apennines). The karst system investigated is constituted by a carbonate 
sequence of three superimposed geological formations: Calcare Massiccio Fm. (Lower to Upper 
Jurassic), Bugarone Fm. (Upper Jurassic) and Maiolica Fm. (Upper Jurassic-Lower Cretaceous), 
which is heavily fractured and faulted. The anticline is developed over a main basal detachment level 
located in the Triassic evaportites. 
The axial sector of anticline is tectonically characterized by a main set of normal faults oriented NW-
SE, which displace the carbonate sequence with offset of some tens of meters, and secondary set of 
transtensive faults oriented NE-SW. The spatial distribution of shear zones and beddings orientation 
of carbonate sequence define a tectonic scheme characterized by monoclinal blocks of limited 
extension (Menichetti, 1995). The present karst basin seems to be limited to the topographic and 
structural depression of the small Pieia valley and the fractures and beddings discontinuities constitute 
a fundamental phenomenon in controlling fluid motion at depth. The hydrostructural setting of the 
Umbria-Marche carbonate domain consists of an alternation of complex with different 
hydrogeological characters, combined with a regional tectonic style (Mastrorillo et al., 2009). In this 
domain, the cores of anticlines accommodate thick basal aquifers. The deep groundwater runs inside 
the regional basal aquifer, which is embedded in the Maiolica and Corniola-Calcare Massiccio 
complexes. In this study, the partially lack of Jurassic marls and marly-limestone complex does not 
affect significantly the flowpaths of this groundwater, except for the karst spring. In fact, this is 
located in proximity of the Jurassic carbonate paleo-escarpment where a localized stratigraphic 
contact with the Jurassic marls and marly-limestone act as aquiclude. The structural and permeability 
limits of recharge area are represented by outcropping of regional aquiclude of Marne a Fucoidi 
Formation, which on the surface closes hydrogeologically the whole hydrostructure. 
As mentioned above, the Calcare Massiccio Fm., outcropping with a thickness of about 800 m, 
represents the main reservoir of northern Apennines and forms a continuous hydrostructure with to 
overlying Formations Bugarone Fm. and Maiolica Fm., with thickness of about 30 m and 50 m, 
respectively. 
This stratigraphic and structural setting forces a parallel-to-the-ridge circulation of groundwater, and 
the ridge itself has been considered as an isolated hydrogeological system (Bison et al., 1995). 
In this study area can be found all the end-members of karst processes, from solution caves to 
carbonate travertine deposits. Moreover, the main cave-forming processes are related to deep-seated 
bydrogeological recharge where limestone corrosion is drive by endogenic agents (Menichetti, 2009). 
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The most significant karst evidence is represented by Fondarca cave, a sinkhole generated by the 
collapse of rocks whose diameter estimated to be around 50 meters and characterized by the typical 
bell shape and its wall are counter sloping. Moreover, this sinkhole presents an arch (Fondarca arch) 
on the southern side and a smaller arch on the south-eastern side which represent all that remains of 
the original karst cave’s great vault.  
 
Fig.5.3. Hydrological balance of Giordano karst basin: by rainfall and temperature data (provided by 
www.geometeo.it) were calculated the Epi (by Thornthwaite's method) and the runoff values; Spring discharge 
(solid line) and precipitation (grey bars) of Giordano karst basin (a). 
5.3.Materials and methods 
5.3.1. Data acquisition 
The discharge of the Giordano karst spring (560 m a.s.l.) at the Pieia has been daily acquired in the 
collection system of Marche-Multiservizi for about 3 years. Spring flow is intercepted through 
different systems: a perforated well driven directly into the basal aquifer and a trench that intercepts 
discharge of an intermittent spring located about 70 m upstream. Discharge rate is recorded 
continuously in both capture systems and the water intercepted is directly conveyed in a single tank. 
Gaps are not present. The entire dataset used in this study ranges between 01/01/2013 to 30/09/2015. 
The rainfall and temperature time series is recorded daily by Meteo-Regione-Marche 
(http://www.protezionecivile.marche.it) at Pianello gauge station, located 2.2 km south-east of the 
study site center.  
5.3.2. Recession analysis 
The recession coefficient is one of the most important parameter that reflect the aquifer characteristics 
and in this work we used the exponential equation of Maillet (1905) to simulate the recession process 
with the following formula: 
𝑄𝑡 = 𝑄0 × 𝑒
−𝛼𝑖𝑡          (Eq.5.1) 
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Where Qt is the discharge at time t, Q0 is the discharge at time t=0, and α is the recession coefficient. 
In particular, we used the modified Maillet equation that it can be expressed by a sum of several 
exponential components (Eisenlhor et al., 1997; Fiorillo, 2014; Ghasemizadeh et al., 2012): 
𝑄𝑡 = ∑ 𝑄0𝑖 × 𝑒
−𝛼𝑖𝑡𝑛
𝑖=1          (Eq.5.2) 
Where i represents the media i in the aquifer, Q0i represents the discharge of media i at t=0, and n 
represents the number of flow components. Karst aquifer can always be divided into conduit, fracture, 
and matrix systems based on the different hydraulic conductivities (Ghasemizadeh et al., 2012; 
Katsanou et al., 2015; White, 2003). Therefore, the modified Maillet equation can be written as: 
𝑄𝑡 = 𝑄𝑐 × 𝑒
−𝛼𝑐𝑡 + 𝑄𝑓 × 𝑒
−𝛼𝑓𝑡 + 𝑄𝑚 × 𝑒
−𝛼𝑚𝑡      (Eq.5.3) 
Where Qc, Qf and Qm are the initial discharges, and αc, αf and αm are the recession coefficients of the 
conduit, fracture and matrix, respectively. 
Since in this work the primary porosity, linked to the syngenetic voids of the rock, the matrix 
component can be neglected and the recession is given by hydraulic conductivities of the conduits 
and fractures components. Hence, the Eq.5.3 became: 
𝑄𝑡 = 𝑄𝑐 × 𝑒
−𝛼𝑐𝑡 + 𝑄𝑓 × 𝑒
−𝛼𝑓𝑡        (Eq.5.4) 
To understand the drainage of the studied karst system, we can approximate the aquifer to the 
composite reservoir proposed by Fiorillo (2011, 2014). The model is represented by an aquifer of 
cylindrical shape, with constant area, and characterized by two distinct zones superimposed effective 
porosity zone, with neff-2>neff-1. For basal spring, the author has found how the ratio between two 
different values of the recession coefficient obtained by semi-logarithmic plot can be approximated 
to the inverse ratio of the effective porosity computed along the surface of the water table: 
𝛼1
𝛼2
≈
𝑛𝑒𝑓𝑓−2
𝑛𝑒𝑓𝑓−1
           (Eq.5.5) 
Following the modified equation of Maillet (Eq.5.4), the Eq.5.5 can be rewritten: 
𝛼𝑓
𝛼𝑐
≈
𝑛𝑒𝑓𝑓−𝑐
𝑛𝑒𝑓𝑓−𝑓
           (Eq.5.6) 
Where αf and αc are the recession coefficients, and neff-c and neff-f are the effective porosity of the 
conduits and fractures, respectively. 
Following the same approach used by Fu et alii (2016), it possible estimate the neff of the conduits 
and fractures starting from recession coefficients of two components (αc and αf) and the related 
effective porosity of one these: 
𝑛𝑒𝑓𝑓−𝑐 ≈
𝛼𝑓×𝑛𝑒𝑓𝑓−𝑓
𝛼𝑐
          (Eq.5.7) 
𝑛𝑒𝑓𝑓−𝑓 ≈
𝛼𝑐×𝑛𝑒𝑓𝑓−𝑐
𝛼𝑓
          (Eq.5.8) 
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Then the total effective porosity (neff-t) of the aquifer can be calculated by: 
neff-t = neff-c + neff-f          (Eq.5.9) 
Finally, integrating the segments of recession curve, related at quickflow (Vc, conduits drainage) and 
baseflow (Vf, fractures drainage) over the time, it was provided the water storage capacity of each 
components: 
𝑉𝑐 = ∫ 𝑄𝑐𝑑𝑡
𝑡𝑐
0
           (Eq.10) 
𝑉𝑓 = ∫ 𝑄𝑓𝑑𝑡
𝑡𝑓
0
          (Eq.11) 
The sums of this terms (Eq.5.10 and Eq.5.11) represents the water storage capacity, i.e. the maximum 
water drained by the aquifer (Amit et al., 2002; Farlin and Maloszewski, 2013; Tallaksen, 1995): 
𝑉𝑡 = 𝑉𝑐 + 𝑉𝑓           (Eq.12) 
5.3.3. Structural analysis and measurement of effective porosity of fractures 
Fractures in carbonate rocks have long been recognized as major features controlling fluid circulation 
and related karstic processes, particularly in the early phases of karstification (Fetter, 1980; Ford and 
Ewers, 1978; Palmer, 1991). 
In general, when a fracture network forms the principal reservoir permeability and porosity, fluid 
flow patterns are largely controlled by fracture orientation, connectivity and aperture (Odling et al., 
1999). In a carbonate rocks, it is knowing that secondary porosity, due to fractures, can also be 
strongly modified after diagenetic processes and karst phenomena (Agosta and Aydin, 2006; Aydin 
et al., 2010). 
A network may have a hierarchical structure, with fractures confined within individual beds (Strata-
Bound, SB), fractures crosscutting several beds (Non Strata-Bound, NSB) and other vertically 
persistent fractures dominating within given scale ranges (Strijker et al., 2012) (Fig.5.4). 
 
Fig.5.4. Example of 3 structural windows of Calcare Massiccio Fm. The area of each windows is 1 m2. (a) W1 
is located at north Sasso del Re; (b) W3 is located at north-west Sasso della Rocca; (c) W4 is located at 
Giordano basal spring. The joints marked with SB=stratabound and NSB=non-stratabound. 
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In order to define the development main directions of karst conduits and the geometrical properties 
of fractured rock mass, it was identified 8 structural windows at the studied area, having the same 
area of about 1 m2 (Fig.5.4). In each window were analyzed all discontinuities present (sub-vertical 
joints and bedding/pseudobedding) from structural and geomechanics point of view. The parameters 
detected are as follow: 
- number of set discontinuities and their orientations; 
- number of fractures of each sets; 
- average persistence of each sets; 
- average aperture of each windows. 
The spatial distribution of the main set of discontinuities gives important information on the probably 
development orientation of conduits network in basal aquifer. 
The structural parameters as number of fractures, persistence and aperture give some information on 
fracturation degree and the associated karstified degree of entire rock mass. 
Therefore, by combining these geometrical parameters can be calculated the ratio between the present 
voids on the surface and the surface area itself, i.e. “secondary porosity” of rock mass: 
ꞃ𝑒𝑓𝑓−𝑓 =
∑ (𝑁𝑖×𝑎𝑖̅̅ ̅×𝐿?̅?)
𝑛
𝑖=𝑛
𝐴
         (Eq.5.13) 
Where N is the number of fractures of i-set, ?̅?, average aperture of i-set, ?̅?, average length of i-set and 
A, surface area of window outcrop. 
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5.4.Results 
5.4.1. Characteristics of the hydrographs during the recession limbs using modified Maillet model 
 
 
Fig.5.5. The daily discharge (solid line) in the recession limb on years 2013 (a), 2014 (c), 2015 (e) and their 
fitting recession curve (dashed lines) for quickflow (conduits) and baseflow (fractures) on years 2013 (b), 2014 
(d) and 2015 (f), respectively. 
Recession-curve analysis was conducted on records ranging from 3 years (from 2012 to 2015) of 
daily average discharge of Giordano karst spring (Fig.5.5). 
Different shapes of the spring recession are attributed to drainage from different components of the 
groundwater system, reflecting karstification degree. 
Base on Eq.5.4, have been identified two exponential term that represents the conduits flow 
(quickflow) and the fractures flow (baseflow).  
The sum of exponents represents the depletion of a specific reservoir, where the hydraulic 
conductivity of the reservoir is proportional to αi (Amit et al., 2002). 
Accordingly, the exponential term with the largest slope, αc, represents the rapid depletion of flow 
channels with the highest hydraulic conductivity. 
The exponential term with the smallest slope, αf, corresponds to the baseflow, i.e., to the slow 
depletion of the flow network with low hydraulic conductivity. In this case, the slope of baseflow 
may reflect a fractures network porosity. 
The initial discharge of each components is Qin-c for the quickflow and Qin-f for the baseflow. Together 
with the exponential coefficients, αc for the quickflow and αf for the baseflow, these parameters 
provide a complete quantitative description of the discharge decay (Tab.5.1). 
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For the modified Maillet model, the αf values derived from recession curves of fractures network 
range from 0,00314 (day-1) to 0,00385 (day-1), whereas the recession time of baseflow ranged from 
26 to 37 days. The αc values are an order of magnitude higher than depletion constant of baseflow; 
indeed, the exponential coefficients of conduits range from 0,0302 (day-1) to 0,0344 (day-1), during a 
recession time of about 25 days. 
These observations imply that the geological environment and structural geometry are the decisive 
factors dictating the values of αc and αf, whereas the initial discharges, Qin-c and Qin-f depend on the 
amount of precipitation. 
Tab.5.1.  Parameters of the modified Maillet equation provided by recession analysis in the years 2013, 2014 
and 2015. 
Year Qin-c (l/s) tc (day) αc (day-1) Qin-f (l/s) tf (day) αf (day-1) 
2013 59.04 27 3,33E-02 24.02 37 3,10E-03 
2014 57.14 26 3,44E-02 23.91 33 3,85E-03 
2015 61.24 23 3,02E-02 27.62 26 3,54E-03 
Mean 59.14 ̴25 0,03263 25.18 32 0,00349 
The integrating of the recession curve allows calculating the amount of water drained through of 
Giordano from the beginning of the dry period. This it was estimated through the application of 
Eq.5.10 at recession curves of conduits and fractures (Tab.5.2) to distinguish the water drained by 
the two components. 
The volume discharged by Giordano karst spring during recession periods range from 161876 m3 (in 
2013) to 182624 m3 (in 2012) in about 57 days. Volume discharged by conduits range from 50893 
m3 to 60007 m3 during an average interval time of 25 days, whereas the volume discharged by 
fractures range from 110983 m3 to 128678 m3 in about 32 days. 
The observed variations of total volume discharged during the time series can be related to amount 
of rainfall and temperature (that affect evapotranspiration), because they influence initial discharge 
(Qin) at the beginning of recession curves. 
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Tab.5.2. The characteristic volume discharged by the conduits and fractures and their related percentage. 
Types Volume (m3) Percentage (%) 
Conduit 53946 70,5 
Fracture 128678 29,5 
Total y2013 182624 100 
Conduit 50893 68,6 
Fracture 110983 31,4 
Total y2014 161876 100 
Conduit 60007 66,2 
Fracture 117433 33,8 
Total y2015 177440 100 
5.4.2. Structural analysis of fractures 
It was examined 8 structural stations to understand the relationship between the main sets of fracture 
and that of probably associated karst conduits in the same carbonate sequence, where we measured 
their orientation. 
The collected data consist of a total of 280 joints and bedding/pseudobbedding planes in the Calcare 
Massiccio Formation. The contour-plot in Fig.5.4a show three main sets of joints oriented to N30, 
N130 and N290, and other secondary sets oriented to N180 and N330. 
The bedding and pseudobedding planes are oriented to N225 and follow the cyclotems trend of 
carbonate sequence. 
 
 
Fig.5.6. Structural characterization of all data collected in the 8 windows: (a) contour-plot of dip-direction of 
the 280 measured discontinuities in the all 8 structural windows (J1, J2 and J3 are the main sets, J4 and J5 are 
the secondary sets and the grey distribution represents the bedding planes); (b) histogram-plot of dip/plunge 
distribution. The color code refers to the following discontinuity sets: dark grey – bedding and pseudobedding, 
light gray – joints. 
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Fig.5.7. (a) Hisogram-plot of length distribution from all 8 structural windows; (b) histogram-plot of length 
distribution of joints; (c) histogram-plot of aperture sizes distribution of all discontinuities (bedding and joints). 
The joint sets show a one trend with high values of dip (of about 85°), while the bedding and 
pseudobedding planes show a weak inclination with a main trend of 25° (see histogram-plot in 
Fig.5.6b). Therefore, sub-vertical joints and bedding and pseudobbedding planes occur 
approximately perpendicular each other. 
The joints are characterized by their own spacing distribution, connectivity, aperture and, thus, 
hydraulic properties (Aydin, 2000). 
The statistical analysis of fractures length shows a uniform distribution of entire data population 
(n=252); indeed, the mean value is 53,25 cm and the median value is 49,46 cm (Fig.5.7b). 
The distribution of bedding length shows more open range of data (n=116), with an average value of 
60,46 cm and a median value of 50,84 cm (Fig.5.7a). 
The distribution of aperture sizes shows mean value of 0,64 mm, calculated on the statistical 
population of 1155 data (Fig.5.7c). 
This statistical representation gives an idea on structural characteristics of discontinuities present in 
the rock mass analyzed in the whole karst basin.  
In more detail, we analyzed the structural parameters distinguishing each joint sets and 
bedding/pseudobedding planes of each windows in order to define the secondary porosity of fractured 
rock mass (Tab.5.3). 
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Tab.5.3. Statistical results of geomechanic analysis of structural windows; are indicated the average length, 
no. of fractures and average aperture for each joint sets and bedding-planes. 
Structural 
Windows 
Length 
avg-Bed 
Length 
avg-J1 
Length 
avg-J2 
n° fracture 
Bed 
n° fracture 
J2 
n° fracture 
J2 
Aperture 
avg (cm) 
W1 53,22 41,03 41,30 14 18 16 0,0878 
W2 50,64 51 64,33 21 17 13 0,0502 
W3 71,14 46,34 50,26 15 24 11 0,0733 
W4 63,96 53,17 65,84 20 28 12 0,0291 
W5 83,51 64,4 68,63 9 11 11 0,0504 
W6 35,66 46,82 42,28 15 13 11 0,1181 
W7 47,69 30,04 37,03 15 20 18 0,0726 
W8 59,59 59,82 48,95 7 10 10 0,0758 
5.4.3. The effective porosity of fracture and conduit using Fiorillo (2011) quantitative equation 
The application of Eq.5.13 using the geomechanics parameters detected has allowed to define the 
effective porosity at each structural windows (Tab.5.4). 
The ꞃeff-bed calculated range from 0,32% to 0,79%, (average value of 0,51%), whereas the ꞃeff-joint 
range from a minimum of 0,66% to a maximum of 1,27% (average value of 0,96%), i.e. about twice 
the highest value of the bedding porosity. As a consequence, the total porosity of fractures (ꞃeff-f) was 
calculated by the sum of the two components (ꞃeff-bed and ꞃeff-joint) and range from 1,04% to 2,01%, 
with a mean value of 1,49%. 
Tab.5.4. Effective porosity of fractures calculated in each structural window. 
Structural window Bedding porosity (%) Joint porosity (%) Total porosity (%) 
W1 0,52 0,92 1,44 
W2 0,37 0,66 1,04 
W3 0,38 0,74 1,12 
W4 0,32 0,82 1,14 
W5 0,63 1,27 1,90 
W6 0,65 1,23 1,88 
W7 0,53 0,86 1,39 
W8 0,79 1,22 2,01 
Base on quantitative relationship provide by Fiorillo (2011, 2014) between recession coefficient (αi) 
and the effective porosity (ꞃeff) (Eq.5.6 and Eq.5.7) we used the mean values of fracture porosity 
(ꞃeff-f =1,49%) to estimate the effective porosity of conduit (ꞃeff-c) and the total porosity, ꞃeff-tot 
(Tab.5.4).  
Then, the ꞃeff-c calculated give a constant value in the years of about 0,16% respect to 1,49% of 
fractures, for a total of 1,65%. 
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Tab.5.5. Effective porosity of conduits and total. 
Year ꞃeff-f (%) ꞃeff-c (%) ꞃeff-tot (%) 
2013 1,49 0,14 1,63 
2014 1,49 0,17 1,66 
2015 1,49 0,17 1,65 
 
5.5.Discussion 
Applying the modified equation of Maillet (Eq.5.4) at recession curves of Giordano karst spring 
(Northern Apennine) from data set January 2012 to 30 September 2015, it was possible obtain a 
structural characterization of aquifer; in fact, the depletion coefficients in quickflow sub-regime 
condition represent the conduits network drainage, whereas the depletion coefficients estimated in 
baseflow sub-regime condition are related to fractures network and matrix drainage. 
Each exponential term, in a recession curve that comprises a sum of exponents, represents the 
depletion of a specific reservoir, where the hydraulic conductivity of the reservoir is proportional to 
αi (Tallaksen, 1995).  
Analysis of recession limbs show how the conduits coefficient are an order higher than fractures 
coefficient. Indeed, during the first segment it has been recorded an average value (αc) of 0,03263 
day-1 for an interval time of about 25 days, whereas during the second segment it has been recorded 
an average value (αc) of 0,00349 day-1 that’s remains constant for about 32 days. 
Accordingly, the exponential term with the largest slope, α2, represents the rapid depletion of flow 
channels or conduits with the highest hydraulic conductivity. The largest α-value is probably a 
measure of the degree of fracturing and intrakarst connectivity. The exponential term with the 
smallest slope, α1, corresponds to the baseflow, i.e., to the slow depletion of the flow in fracture 
network with low hydraulic conductivity (Amit et al., 2002). 
In the Tab.5.1 it is shown as the characteristic parameters of the system remain fairly constant over 
the years. In fact, the recession coefficients related at different sub-regimes preserve about the same 
magnitudes independently from hydrological annual trends variations.  These values depend by clear 
hierarchical geometry, connectivity and sizes of conduits and fractures networks, confirming as the 
karst system is well defined from a structural point of view and hydrogeologically closed. 
To estimate of total spring storage volumes and individual contribution of the quickflow (conduits) 
and baseflow (fractures) components has been applied the Eq.5.12 in order to define a quantitative 
description of recession curves. During the recession periods, the Giordano karst spring discharge by 
conduits and fractures a mean annual volume of 55 103 m3 and 120 103 m3 of water, respectively. 
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Tab.5.6. Average values of characteristics parameters of the karst aquifer.  
Types 
Avg volume 
(m3) 
Percentage 
(%) 
Avg porosity 
ꞃeff (%) 
Percentage 
(%) 
Saturated water 
storage (mm) 
Conduits 54948 31,6 0,16 9,7 680,2 
Fractures 119032 68,4 1,49 90,3 6332,3 
Total 173980 100 1,65 100 7012,5 
In order to define the geometry of fracture networks and the probably structure and organization of 
conduits of karst aquifer was conduced a structural-geological survey. The results show that the 
fractured rock masses is characterized by three main sets of joints oriented to N130, N30 and N290, 
whereas the bedding planes and the associated pseudobedding is oriented about to N225. 
Structural analysis of dip discontinuities shows high values of inclination of joint sets (75°-85°) and 
weak values associated at bedding planes (about 20°). This suggest that the joints and fractures can 
quickly conveyed the infiltration water toward the deeper areas of aquifer, whereas the bedding planes 
forces parallel-to-the-ridge circulation, slowing down and stratifying the flow at various levels. This 
mechanism can lead an increase of karstification degree from top to bottom of the fracture surfaces 
related at the increase of hydraulic head, until reaching to their evolution in real conduits in the basal 
aquifer. 
Plotting all data of the dip-direction as strike directions in a rose diagram (Fig.5.8a), the main 
lineations are oriented to NW-SE and SW-NE. These directions represent the main development 
orientations of karst conduits in the basal aquifer. In particular, the direction NW-SE includes one of 
the main set of joints and the stratification toward the Giordano spring. 
Total porosity calculated in the studied area measure about 1,65% and suggest a general low 
karstification degree of entire rock mass. This value represents the sum of two components related at 
fractures effective porosity (ꞃeff-f) and conduits effective porosity (ꞃeff-c), which measure 1,49% and 
0,16% respectively. Therefore, the 90,3% of total porosity is attributed at fractured rock mass and the 
remaining 9,7% is gives at the conduits, with a ratio between two components of about 0,1. 
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Fig.5.8. Conceptual model of karst aquifer: (a) rose diagram of strike-direction of the 280 measured fractures 
in the all 8 structural windows; (b) cylindrical model of reservoir with different effective porosity (FZ porosity 
and CZ porosity); (c) hydrogeological cross-section of a karst aquifer with the associated recession coefficients 
which reflects the hydraulic characteristics of the FZ and CZ, respectively. The different stages of the water 
table (HWT and LWT) were reported with exaggerated slopes. 
From the point of view of quantitative volume discharged, the ratio between two components, 
calculated in time series, shows that the 68,4% of total water volume (average of 170 103 m3) is 
discharged by fractures and the remaining 31,6% is discharged by conduits (Tab.5.6). 
To define a water storage model associated at fractures and conduits system, we considered the 
aquifer as a tank-reservoir similar to that proposed by Fiorillo (2011); the model is characterized by 
a cylinder with an equal area (A) of the karst basin (3,9 km2) and a height (h) equal at the Ta (average 
thickness of aquifer). 
When the aquifer is completely saturated, i.e. all the effective porosities are filled with water, the 
water storage of the aquifer can be estimated by multiplying aquifer thickness and the total effective 
porosity, ꞃeff-tot (Fu et al., 2015). In present work, there is not found any aquifuge in the aquifer above 
the outlet (Fig.5.8c); thus, the assumption is made that the discharge from the outlet reflects the 
characteristics of the aquifer above the spring outlet. 
The thickness of aquifer (Taq) can be calculated by mathematical difference between average 
topographic elevation measured along the cross-section showed in Fig.5.8c and the elevation of 
Giordano spring outlet. The average topographic elevation is about 1075 m and the elevation of spring 
outlet is 650 m. Then, the average thickness (Taq) is about 425 m and the total porosity (ꞃeff-tot) 
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measure 1,65%. Therefore, the saturated water storage estimated is 680,2 mm for the conduits, 6332,3 
mm for the fractures and 7012,5 mm for the total aquifer (Tab.5.6).  
The average effective infiltration calculated in the interval time (from January 2013 to 30 September 
2015) is 989,5 mm/y (about 30 l/s for km2) according to Bison et alii (1995). This means that the 
maximum water that aquifer can store is about two times of the average effective infiltration of about 
3859 mm/y estimated on the entire karst basin.  
5.6.Conclusion 
The present paper describes a quantitative methodology to characterize and combine the ological 
properties and internal structure of a karst aquifer from hydrograph analysis and structural survey.  
In this study, to evaluate a spring discharge it was used the modified equation of Maillet, because the 
aquifer can be clearly divided into two hydraulic conductivity components (the matrix component 
can be neglected), each of which drained water followed an exponential formula: quickflow linked to 
conduit discharge and baseflow linked to fractures discharge. The first term is a one order of 
magnitude higher than the fractures components, and discharge 31,6% of total volume in about 25 
days, during the recession period. Therefore, fractures component controls the flow mechanism with 
remaining 68,4% of volume discharged during a mean value of 32 days. This indicate that fractures 
are well developed and well interconnected to accommodate about 40% of volume discharged by 
conduits domain. 
For basal spring, the hydraulic behavior has been explained by the model of Fiorillo (2011), who 
point out how the ratio between two different values of the recession coefficient obtained by the semi-
logarithmic plot can be approximated to the inverse ratio of the effective porosity computed along 
the surface of the water table (𝛼𝐼 𝛼𝐼𝐼⁄ ≈ 𝑛𝑒𝑓𝑓
𝐼𝐼 𝑛𝑒𝑓𝑓
𝐼⁄ ). 
The combination of spring hydrograph analysis and structural characterization of discontinuities 
provide information on hydraulic properties of karst system and conduit network geometry.). 
The effective porosity of fractures, resulting 1.49%, whereas the effective porosity of conduits is 
about 0,16%, for a total value of a 1.65%. This value is included between range values estimated by 
Bonacci (1993), of 0,1-1%, and range values estimated by Delbart et alii (2014), of about 2-7%. Thus, 
90,3% of total porosity is attributed at fractures and 9,7% remaining is gives at conduits. This 
percentage value attributed at conduit porosity results much higher than literature values; indeed, Fu 
et alii (2016) estimated about 2%. This suggest that the conduits are large enough and well 
interconnected each other, but with poorly branched network and arranged in a few systems. 
Therefore, it is supposed that the conduits domain is probably localized at more basal portions of the 
aquifer (approximately at the same height of spring outlet). 
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The main directions of discontinuities (joints and bedding planes) are oriented at NW-SE and SW-
NE. These directions represent the main development orientations of karst conduits in the basal 
aquifer. In particular, the direction NW-SE includes one of the main set of joints and the stratification 
planes. Therefore, it is very likely that the conduits have developed in the points where the joints and 
beddings, with the same strike-direction, were crossed against. In addition, the structure of the basal 
aquifer can give an echelon shapes, with sub-vertical wells (dip 75°-85°) associated to main joint sets 
connect at sub-horizontal plans (20°) associated to bedding dips. 
Finally, the saturated water storage estimated indicate that the karst system has a high potential 
for water supply and it is attributed at storage capacity of fractures and at their slowly release on time. 
 
Fig.5.9. Panoramic view of Giordano karst basin in the SW limb of Mt Nerone anticline. 
Chapter 6 
84 
 
6. Groundwater temperature as natural tracers to characterize hydraulic 
behaviour and geometry of a carbonate aquifers: M. Nerone karst system, 
central Italy 
Abstract 
Temperature variations in groundwater discharge from the Giordano karst system (northern Apennines) have 
been observed continuously for six months (from January 2016 to July 2016), in order to determine the flow 
patterns and geometrical properties of aquifer. The karst system discharge about 32.2 L/s on average during 
over the hydrological year and it’s characterized by two outlets: a basal-continuous spring (BCS) with a mean 
discharge of 8.9 L/s and an upper-intermittent spring (UIS) with a mean discharge of 23.3 L/s, located about 
60 m above the previous one. 
Results show significant difference in the two spring outlets between the time lags as well as non-simultaneous 
and not analogue responses of temperature (T) to the same recharge events: temperature of UIS range from 9.7 
to 10.7°C whereas temperature of BCS remain rather stable, ranging from 9.8 to 9.9°C. This data suggests a 
stratification of the water along the aquifer probably associated by different residence times and linked to the 
structural organisation of karst aquifer (conduit and fracture networks):  deeper and oldest water in the basal-
continuous springs and youngest water in the upper-intermittent spring. 
6.1. Introduction 
Groundwater physical and geochemical parameters are widely used as natural tracer in 
hydrogeological investigations. Seasonal and daily water temperature variations of karst springs 
permit to characterize different flow types and the structural organization of drainage patterns (Roy 
and Benderitter, 1986; Birk et al., 2004).  
Several processes may affect water temperature during seepage, such as heat exchange, mainly by 
conduction, with the reservoir host rock mass; advection exchange into or out the groundwater mass 
and heating and cooling in the undergrounds karst conduits where the convective exchanges with air 
are important (Martin and Dean, 1999; Convington et al., 2011). 
The discharge of a karst spring generally responds much quicker to recharge events than the 
physicochemical properties of the discharged water, such as temperature. The increase in hydraulic 
pressure due to recharge is almost instantaneously transmitted through phreatic (water-filled) 
conduits to the spring, while the fluid properties change only after the actual recharge water reaches 
the spring (Birk et al., 2004). In this way, the lag between the hydraulic and physico-chemical 
responses time corresponds to the physical path of the infiltrating water through the conduit system 
can be estimated when the spring discharge is known (Sauter, 1992; Rayn and Meiman, 1996). 
Time-series analysis is a robust method to investigate in karst hydrogeology and cross-correlation 
functions (CCF) are widely used to analyse the linear relationship between input (rainfall or snowmelt 
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- P) and output (discharge or temperature variations). This relationship can be analysed with the 
equation (Padilla and Pulido-Bosch, 1995). 
For 𝑘 > 0, 
𝐶𝑥𝑦(𝑘) =
1
𝑛
∑ (𝑥𝑡 − ?̅?)
𝑛−𝑘
𝑡=1 (𝑦𝑡+𝑘 − ?̅?)       (Eq.6.1) 
𝑟𝑥𝑦(𝑘) =
𝐶𝑥𝑦(𝑘)
𝜎𝑥𝜎𝑦
          (Eq.6.2) 
where the 𝑘 is the time lag; 𝑛 is the length of time series; 𝑥𝑡 and 𝑦𝑡 are input and output time series, 
respectively; 𝑟𝑥𝑦(𝑘) is the cross-correlation function; 𝜎𝑥 and 𝜎𝑦 are the standard deviations of the 
time series and 𝐶𝑥𝑦(𝑘) is the cross-correlogram (Box et al., 1994). The delay, which is the time lag 
between lag 0 and the lag of the maximum value of the cross-correlation coefficient (rxy(k)), gives an 
estimation of the pressure pulse transfer times thorough the aquifer (Panagopoulos and Lambrakis, 
2006). 
 The objectives of this study are: (1) to investigate temporal relationships between karst spring 
discharge and water temperature; (2) to compare the different residence time of two spring outlets 
belonging to the same karst system; and (3) to define the structural organisation of karst aquifer. 
6.2. Geological and hydrogeological setting  
The study area is located in the norther sector of Umbria-Marche Apennines in the SW flank of Mt. 
Nerone (1525 a.s.l.) an asymmetric NE verging anticline with the axe strike NW-SE, part of a fold-
and-thrust belt. The investigated karst system developed in a carbonate massif of Ceno-Mesozoic 
Formations from the Calcare Massiccio Fm. (Hettangian-Carixian), Bugarone Fm. (Upper Toarcian-
Lower Tithonian) to the Maiolica Fm. (Upper Tithonian-Lower Aptian), which is heavily fractured 
and faulted. This carbonate reservoir is confined by a basal level of Triassic evaportites and Fucoidi 
Marls on the top. The total thickness of the karst reservoir is about 1000 m where about 800 m pertains 
to the Calcare Massiccio Fm., which represents the regional basal aquifer of the Umbria Marche 
Apennines with an average discharge of about 30 L/sec/km2 (Boni et al., 1986). 
The karst block seems to be limited by a structural depression of the Pieia valley where the fractures 
and beddings discontinuities constitute the structures that control the drainage. 
The Giordano karst system drains a basin of about 3.8 km2 (Tamburini, 2016) where a discharge of 
about 40 L/sec are collected and diverted by Marche Multiservizi to supply villages and town. The 
karst system is characterized by two main spring outlet: a basal-continuous spring (BCS) located at 
535 m a.s.l. and an upper-intermittent spring (UIS) located about 65 m above the previous one 
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(Fig.6.3). Several linear springs are located along the stream as linear spring partially intercepted by 
shallows wells. 
6.3. Data collection 
Discharges and groundwater temperature were monitored simultaneously at basal-continuous spring 
(BCS) and upper-intermittent spring (UIS). Discharges data are provided by an automatic collecting 
system that records continuously the daily values of the hydrographic level in a discharge gauge. 
Groundwater temperature is measured automatically using waterproof commercial temperature 
loggers manufactured by Onset Computer Corporation installed within both of outlets. The loggers 
have temperature and response time accuracies of 0.1°C and 0.01% respectively. Between January 
and July 2016, the temperature loggers measured temperature every 15 minutes, in order to identify 
also the rapid response to rainfall events. Daily mean values of precipitation were monitored by a 
gauge station located near to study area.  
6.4. Results and discussion 
 
Fig.6.1. Results of discharges (b and d), groundwater temperature (a and c) and rainfall events (b and d) 
monitored in the upper-intermittent spring (UIS) and basal-continuous spring (BCS) for six months (between 
16/01 to 30/06/2016). 
Water temperature and discharge recorded at upper-intermittent spring (UIS) and basal-continuous 
spring (BCS) in the first half of 2016 are related to the rainfall events, show two different behaviours 
both in the discharge rate and in the groundwater temperature trend (Fig.6.1). 
UIS show a higher discharge than BCS with a mean of 23.3 L/s and a rapid response to precipitation 
episodes (Fig.6.1b). In the same way, also groundwater temperature of UIS vary frequently from a 
minimum of 9.7°C to a maximum of 10.7°C; moreover, decreasing rapidly during rainfall episodes 
with a varying magnitudes (Fig.6.1a). 
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On the other side, BCS discharging a mean of 8.3 L/s and exerting a slow response in the discharge 
rate, displaying a maximum difference varying between 5.62 to 10.49 L/s (Fig.6.1d). Even from the 
physicochemical point of view this spring outlet shows an opposite behaviour than UIS; in fact, 
groundwater temperature remains rather stable and is not affected by rainfall events, showing only 
one step between March 07th and 12rd, where water temperature decrease of 0.1°C, passing from 9.9 
to 9.8°C (Fig.6.1c). This step, also if in the range of the instrumental error, could be interpreted as 
result of rapid and concentrated infiltration in the recharge area, generating a general cooling of the 
basal reservoir.  
On the other hand, these results give some indications both on residence (or transit) time of recharge 
water in the aquifer and on structural organisation of karst system. In UIS, the rapid response of water 
temperature at recharge events indicates a short transit time of youngest water infiltration, which is 
quickly drained by conduits systems with high hydraulic conductivity. On the contrary, BCS show a 
long residence time of groundwater, indicating a deeper and oldest water located in the basal portion 
of aquifer and characterized by a low hydraulic conductivity. 
 
Fig.6.2. Cross-correlation functions of upper-intermittent spring (a) and basal-continuous spring (b); blue lines 
indicate the precipitations (P) and water temperature (T°) functions, green lines indicate the discharges (Q) 
and water temperature (T°) functions. 
A cross-correlations analysis of precipitation and discharges with the groundwater temperature for 
UIS and BCS (Fig.6.2) confirm the opposite hydrodynamic behaviour of the karst system studied. 
Groundwater temperature of UIS present the maximum coefficients rk of 0.2 (gray line in Fig.6.2a), 
indicating that the input signal from precipitation is significantly reduced during its passage through 
the system. On other hand, the function shows a rapid response, expressed by the sharp peak, having 
a time lag of 472 hours (about 19 days). CCF of discharge and groundwater temperature (Q-T°) of 
UIS are well correlated (rk=0.45), showing a rapid decrease and a time lag of 269 hours (11 days) 
(blue line in Fig.6.2a). This indicates the existence of quickflow component that regulate the 
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discharge in UIS, probably connected to conduits network drainage during high-water table condition 
(HWT). 
Cross-correlation function between precipitation and groundwater temperature (P-T°) in the basal-
continuous spring (BCS) show a maximum coefficient of rk=0.05, indicating non-correlation between 
rainfall and water temperature in this portion of aquifer (green line in Fig.6.2b). Indeed, the 
correlation functions between discharge-groundwater temperature (Q-T°) decrease very slowly after 
a maximum peak of 0.78 and a time lag of 496 hours (about 21 days) (blue line in Fig.6.2b). This 
slow response of water temperature at the variation of discharge rate indicates the baseflow 
component, probably linked to fracture networks drainage during the lower water table condition 
(LWT). 
 
Fig.6.3. Simplified aquifer model during high and low water table condition. Main fractured and conduit zone 
are also indicating. 
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6.5. Conclusion 
Analysis of the temperature variations of groundwater drained by the UIS and BSC, enables us to 
make a qualitative analysis of the development of the karstic drainage pattern and the structural 
organisation of aquifer. Groundwater of two karst outlets record the same mean temperature of 9.9°C 
but do not present also the same behaviour during the rainfall events. This evidence the distinctive 
degree of karstification in the carbonate massif, which enables a partial mixing of the groundwater 
stored in the aquifers with infiltration or “new” and “colder” rainwater. 
Indeed, the UIS display higher variations in groundwater temperature showing several peaks of 
different magnitude and a rapid response after the recharge events (19 days). These data are 
interpreted as the consequence of high velocity (short residence time) probably linked to water 
coming from infiltration zone (IZ) that is quickly drained by conduits zone (CZ) until the upper-
intermittent spring (Fig.6.3).  
On the contrary, groundwater of BCS show a stable trend of temperature and a no-correlation with 
the recharge events, which means a long residence time localized in the basal portion of aquifer. The 
results indicate that the quickflow component is absent and the drainage is under the “diffuse flow” 
behaviour (baseflow condition), probably due to high fracturation and poor karstification (fractured 
zone, FZ). 
The degree of karstification influences the flow-path length, water velocity and heat exchange 
(Anderson, 2005). After a recharge events the karst system reaches a HWT condition and the flow 
path is relatively short. Hence the heat exchange is low and the groundwater temperature is lower 
(9.7°C). 
During the dry periods the water table decrease and the karst system reaches the LWT condition, 
indicating a longer flow path. In this case, a favourable heat exchange with   higher groundwater 
temperature (10.1°C). 
The fact that the outlets of the same carbonate massif display different responses to the same input 
highlights differences in the degree of karstification of its aquifer systems and consequently in their 
hydrogeological behaviour (Líñán Baena et al., 2009). 
The trend of groundwater temperature in the two spring outlets seem to indicate a different storage 
geometry of water linked to structural organisation of karst system: basal aquifer characterized by 
high fracturation (FZ) and a conduit zone characterized by a well-developed karst network. 
 Finally, interpretation of groundwater temperature records of a karstic system provides 
supplemental information about groundwater circulation, drainage components and on the structural 
organisation of an aquifer, giving results coherent with other techniques used in hydrogeological 
investigations. 
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7. General conclusion and outlook  
Karst aquifers are often characterised by a rapid and strong response to hydrological events, such as 
storm rainfall and snowmelt. 
There are two and sometimes three types of porosity in a karst aquifer: intergranular pores, fractures, 
and conduits. The existence of conduits is the big difference and the big problem compared with other 
aquifer types, which only contain intergranular pores and/or fractures (Ford and Williams, 2007). 
Consequently, all karst hydrogeological studies need to consider the conduits. Speleological surveys 
make it possible to directly observe water flow in caves, but accessible caves are not always present 
and in any case, only represent a fraction of the total conduit network, mostly the inactive part. 
The Apennine chain of central Italy is a mountain range characterized by the presence of extensive 
outcrops of thick Mesozoic limestone sequences. Above the Triassic evaporitic level can be recognize 
three superimposed aquifers, having a different permeabilities due mainly to fissures, joints and karst 
conduits (Boni et al., 1986; Nanni and Vivalda, 2005; Boni and Petitta, 2007, 2008). Starting from 
the bottom can be found the basal aquifer of Calcare Massiccio complex, the middle aquifer of 
Maiolica complex and the upper aquifer of Scaglia complex. In this research has been taken into 
account only Calcare Massiccio and Maiolica Formations, as they represent the most important 
hydrogeological complex in the Apennine ridge, where occurs the regional flow through very-well 
developed fissures and karst conduits. In particular, have been analysed several hydrostructures of 
Umbria-Marche Apennines and their associated karst springs. 
In the study area, carbonatic lithotypes covered about the 67% of the considered hydrostructures, of 
which only the 4.3% is represented by the Massiccio complex (Baq), and 28.8% by the Maiolica 
complex (Maq). The sub-basins associated to a karst springs showing recharge areas rather small 
(from 5 km2 to 11.5 km2) and the percentage values of outcropping complexes points out as the karst 
systems in the Umbria-Marche Apennines are controlled by water circulation in the Maiolica and 
Calcare Massiccio complexes, which are very often hydraulically connected by faults systems or by 
the lack of Jurassic aquicludes. 
The comparison between the effective infiltration and effective rainfall reveals different results. Some 
karst systems analysed (Scirca, Boschetto and Capo d’acqua) show a good correspondence between 
the two parameters, indicating the correctness of the evaluations. Hence, these sub-basins can be 
considered hydrogeologically closed. 
On the other hand, the values of effective infiltration in Vaccara and Bagnara karst systems are higher 
than effective rainfall estimated in the hydrological budget. Probably, this gap is linked to the non-
correspondence between the weather stations altitude and the average altitude of sub-basins 
considered. Furthermore, the effective infiltration of San Giovenale sub-basin is much higher than 
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effective rainfall estimated in the hydrological budget, implying a not inconsiderable underground 
feeding from other sectors outside the present hydrostructure. In this case, the groundwater surplus 
comes from the karst planes of Colfiorito, which is considered as a high infiltration area, since 
rainwater is collected by the plain, retained at the surface by the low-permeability fluvio-lacustrine 
complex and channelled by surface runoff towards karst swallow-holes (Mastrorillo et al., 2009). 
Therefore, the lack of a rather large network of weather station do not afford a reliable assessment of 
some recharge area and especially of its effective rainfall estimation. Hence, it is preferable to refer 
at the effective infiltration values estimated with the direct method of Boni et alii (1986), except of 
San Giovenale karst basin which does not represent a closed hydrogeological system. 
From structural point of view, the hinge zones of the anticlines have a hydrological control, on the 
groundwater flow, delineating a regional watershed along the Umbria-Marche ridge (Chapter 2). 
Karst aquifer are highly complex hydrogeological systems. They evolve with time as the CO2 in the 
flowing water dissolves the carbonate rock, enlarging a proportion of the initial fractures into conduits 
and caves. Hence, the orientation and extension of the flow system and conduit network may change 
with time, making a karst aquifer not unchanging and characterized by a strong spatial heterogeneity 
(Kovàcs and Perrochet, 2008). 
The karst aquifers analysed simulate the drainage as a linear reservoir condition where the discharge 
follow the exponential form of modified equation of Maillet, though not all systems show the same 
structural properties. 
From the results of recession analysis and time series analysis show two type of aquifers: karst aquifer 
having a bimodal behaviour and karst aquifer having unimodal behaviour during the depletion 
periods. The first systems are characterized by two hydrodynamic sub-regimes, where the fracture 
networks and microfissures (rock matrix) control the slow drainage (baseflow sub-regime) with a 
recession coefficient of about 10-3, and conduit networks control the fast drainage (quickflow sub-
regime) with a recession coefficient of one order of magnitude lower than that of the matrix. This 
indicate a certain karstification degree (3.7-4 in accord to classification of Malík and Vojtková, 2012), 
in which a conduit networks of limited extent characterized by few interconnected systems and 
surrounded by a fractured rock mass irregularly developed with fissures rather opened. These karst 
aquifers are characterized by the hydrostratigraphic contact between Maiolica and Calcare Massiccio 
complex (Chapter 4). Analysis of hydraulic behaviour of an isolated karst system, having the same 
geological and hydrogeological characteristics of the previous ones (Giordano karst basin in SW limb 
of Mt Nerone anticline), confirm the existence of this duality during the recession period. This 
behaviour is explained better by the model of Fiorillo (2011, 2014), who approximate the aquifer to 
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the composite reservoir, where the ratio between two different values of the recession coefficients 
can be related to the inverse of the effective porosity computed along the surface of the water table. 
The effective porosity of fractures, measured with a structural and geomechanics methods, results 
1.49% whereas the effective porosity of conduits network is about 0.16%. This results, imply as about 
90% of total porosity is attributed at fractures porosity and the remaining 10% is gives at conduits 
networks. 
On the other hand, karst systems with unimodal behaviour show a single exponential flow component 
with low values of recession coefficient and is easily understandable because the groundwater 
circulation happens only within the Maiolica complex, where the karst is scarcely developed and the 
water moves through a fracture networks (Chapter 5). 
The time-series analysis (auto-correlation and cross-correlation functions) give approximately the 
same results of recession analysis, showing a steep slope in short time-lag (2-13 days) followed by a 
gentle slope in bimodal systems, and a quite uniform decrease with high values of delay times in 
unimodal systems. 
These differences can be attributed to structural and geological settings of a single hydrostructures 
that reflects the different components of groundwater systems (Bonacci, 1993). 
The hydrostructures characterized by the Maiolica complex present a high fracturation degree and a 
rock mass slightly karstified, controlling mostly the infiltration and percolation processes. Here, 
groundwater circulation happens within fracture network and the discharge is dominated by baseflow 
sub-regime, with a Darcian flow, making hiring a unimodal behaviour at the reservoir. 
On the other hand, the aquifers that involving Massiccio complex present a higher karstification 
degree, through which regulate the water circulation with different flow components (or sub-
regimes): a quickflow linked to conduit networks and a baseflow linked to fracture networks and rock 
matrix. In particular, the recession coefficients of this complex show a conduits networks rather 
developed, especially in the deeper zones of aquifers (Chapter 4). The case of Giordano karst basin 
suggest that the conduits are large enough and well interconnected each other, but with poorly 
branched network and arranged in a few systems. Moreover, the water volumes discharged by the 
two sub-regimes (quickflow and baseflow) show how the fractures network empties about the 70% 
of the total volume during the recession period, while the remaining 30% is emptied through conduits 
network. 
Fractures networks exert a strong control on fluid circulation through water aquifers, and spatial 
heterogeneity reflect an irregular distribution of groundwater flow pathways. 
The structural analysis shows two main joint sets, oriented at SE-NW (N115°) and NNE-SSW (N20°), 
and other secondary sets orientated at N220°, N345° and N70°N115° and N20°. These sets constitute 
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the main pathways that water make from its entry into the aquifer-system (infiltration), reaching the 
outlet (spring). Probably, this is guaranteed by the high persistence values of fractures (from 0.6 to 
4.4 m), penetrating both bedding planes that other secondary sets present in rock mass. 
On the other hand, the secondary joint sets detected show a great fracture intensity (low fracture 
spacing); this is an important characteristic for water-storage of an aquifer system (Chapter 5). 
The results of DFN models corroborate this interpretation, showing as the fracture systems are made 
of two main orthogonal fracture sets and other secondary sets, having different structural and 
hydraulic properties. So, the principal direction of fracture flow is mainly controlled by the dominant 
systematic joints. 
The DFN models have pointed out a difference of hydraulic properties between Calcare Massiccio 
Formations. In fact, the basal aquifer shows a fracture porosity much greater respect to Maiolica 
complex (4.3and 1.7 %, respectively), and also the permeability values result well correlated with 
this trend. Furthermore, the greatest permeability component corresponds to the vertical one, kzz, for 
both formations analysed. This is probably correlated with the greater vertical connectivity of facture 
networks than the horizontal one, guaranteed by the high fracture intensity (fracture per meter) and 
by a generally high dip of joint sets (on average about 85°) (Chapter 3). 
 Finally, monitoring of groundwater temperature of a spring studied (Mt Nerone karst aquifer) 
show the probably existence of a “high fracture zone” (FZ), between basal Triassic aquiclude and the 
“conduits zone” (CZ) in the Massiccio complex. Here, the groundwater temperature varies rather 
rapidly with different magnitude as a rapid response after the recharge events. On the contrary, in the 
fracture zone (FC) the groundwater shows a stable trend of temperature and a no-correlation with the 
recharge events (long residence time), which drainage occurs under diffuse flow behaviour (baseflow 
condition), confirming the results of recession and time series analysis (Chapter 6). 
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